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Abstract
The importance of ozone in the chemistry and the radiative balance of the atmosphere is 
well established. Several ground and satellite based methods are available for measuring 
total column or the vertical distribution of ozone. The most common ground based 
instruments that measure ozone are the Dobson and the Brewer instruments, while 
ozone sondes measure vertical distribution of ozone. There are six Dobson instruments 
located in Australia, and ozone sondes are launched from one location (Laverton, 
Victoria). Solar atmospheric spectroscopy is an established technique to measure the 
total column amounts of trace atmospheric gases and aerosols. Ozone has a rich 
spectrum extending from the far ultraviolet to the microwave region. At Wollongong 
University a high resolution Fourier transform infrared spectrometer (HR-FTIR), a 
diode array ultraviolet spectrometer and a diode array visible spectrometer have been 
coupled to the same solar tracker to ensure all three instruments are viewing the same 
atmospheric column. One aim of this thesis is to develop a mgged, reliable inexpensive 
solar ultraviolet and visible spectrometer system, suitable to determine total column 
atmospheric ozone, based on the diode array spectrometer.
The shape of the absorption features of the infrared spectrum is influenced by the 
temperature and pressure environment of the absorbing molecule, and therefore 
potentially contains information on the vertical distribution of the absorbing molecule.
In contrast, in the ultraviolet and visible regions of the spectrum, the environment of the 
absorbing molecules has limited influence on the shape of the absorption features, and 
there is greater potential for retrieving accurate total column atmospheric ozone. The 
thesis also aims to develop the techniques required to determine total column 
atmospheric ozone from ground based solar high resolution FTIR, and to assess if the 
complementary information available from solar infrared, ultraviolet and visible spectra 
can be used to determine some vertical information on atmospheric ozone. The analysis 
algorithm requires some prior knowledge of the pressure-temperature and ozone vertical 
profile. Monthly averaged profiles, compiled from data collected remote from the 
measurement site (Laverton, 1000km south, and Mascot airport, 80km north) are used.
Total column ozone has been retrieved from spectra collected between 1996 and 1999 
on the HR-FTIR and diode array spectrometers, and compared with TOMS data. The 
ratio of ultraviolet to TOMS data is 0.85±0.027. The major contribution to the offset
between TOMS and the ultraviolet data is the differences in the absorption coefficients 
used in the two retrievals and in the scattered light in the ultraviolet spectrometer. The 
ratio of the visible data to TOMS is 1.01+0.084. The strong absorption by water and 
oxygen and the weak absorption by ozone in the analysis region contributed to the high 
standard deviation for the retrieval from the visible spectra. The standard deviation of 
ultraviolet TOMS data is comparable to the ratio between Dobson instruments, located 
at Brisbane and Melbourne, and TOMS (0.988 ± 0.023 and 0.973±0.028 respectively). 
The spectrometers provide continuous data on cloud free days, making it possible to 
follow changes in atmospheric ozone concentrations, with the spectrometer only 
requiring 1 second of unobscured direct sunlight to collect a spectrum suitable for 
analysis.
The ratio of the infrared to TOMS data is 0.92+0.054. The offset and scatter in the 
infrared retrieval compared with TOMS data is due, in part, to the lack of sensitivity of 
the infrared retrieval from the intervals of the spectrum used in this work (1162.875cm’1 
to 1162.952cm'1 and 1163.382cm'1 to 1163.457cm'1) to tropospheric ozone. The error in 
the HITRAN line parameters (+5%) will also contribute to the offset. In this work the 
instrumental line shape has not been modelled and any broadening of the absorption 
feature due to the instrument line shape will be incorporated into the algorithm as a 
downward shift in the ozone vertical profile, and will result in an error in the retrieval. 
The analysis of the high-resolution infrared spectra has been proven to be sensitive to 
changes in vertical distribution of atmospheric ozone in the altitude range of 20 to 
25km. This range includes the altitude of the ozone maximum and the altitudes at which 
ozone depletion occurs. Once the instrumental lineshape has been stabilised and 
modelled, using the total column ozone information from the ultraviolet and visible 
spectra and the vertical distribution information from the infrared spectra, it will be 
possible to retrieve ozone vertical profile information at this altitude range, with an 
estimated error of 3.8%, and to possibly identify changes in ozone concentrations as 
being of stratospheric or tropospheric origin.
A cknow ledgem ents
I would like to acknowledge the support of my supervisors, Dr SR Wilson and Assoc. 
Professor DWT Griffith. I would also like to thank the members of the Atmospheric 
Spectroscopy Research Group at Wollongong University, in particular C. Bernardo, F. 
Turrati and M Esler, as well as members of the Chemistry Department at the University 
of Wollongong for their help and support. I also wish to acknowledge the help and 
patience given by my family, Colin, Michelle and Josie, and to acknowledge my son 
Daniel in inspiring me to undertake this thesis. I also wish to thank Dr Tracey Henshaw 
and Roslyn Atkins for their support during the final stages of this thesis.
This work has been funded by an Australian Postgraduate Scholarship and by a grant 




1.2 The Ozone Chemical Cycle Of The Clean Atmosphere 6
1.3 Natural Variation In Atmospheric Ozone 11
1.3.1 Solar Cycle 11
1.3.2 Dynamic Affects on Ozone 12
1.4 Polar Ozone Depletion 17
1.5 Mid Latitude Ozone Depletion. 26
1.5.1 Chemical Depletion 30
1.6 Instrumental Techniques For Determining Atmospheric Ozone 36
1.6.1 Dobson Instrument 37
1.6.2 Umkehr Method 40
1.6.3 Brewer Instrum ent 41
1.6.4 Ozone Sondes 4 1
1.6.5 Satellite Instruments 45
1.6.6 Total Ozone Mapping Spectrometer (TOMS) 45
1.6.7 Solar Backscatter Ultra Violet Instrument (SBUV) 48
1.6.8 Stratospheric Aerosol and Gas Experiment (SAGE II) 50
1.6.9 GOME (Global Ozone Monitoring Experiment) 51
1.6.10 DO AS Instruments 52
1.6.11 Sun Photometers 53
1.7 Summary And Aims Of Project 55
2 Solar Spectroscopy 59
2.1 Aerosol Or Mie Scattering 60
2.2 Rayleigh Scattering. 62
2.3 Molecular Spectroscopy 63
2.3.1 Line Strength 64
2.4 Spectral Line widths 68
2.4.1 Natural Linewidth. 68
2.4.2 Collisional or Pressure Broadening. 69
2.4.3 Doppler Broadening 69
2.5 Spectroscopy Of Ozone 72
2.6 Summary 76
3 Instrumentation And Analysis Tools 79
3.1 Solar Tracker 79
3.2 Bomem DA8 Fourier Transform Infrared (FTIR) Spectrometer 83
3.3 Ultraviolet And Visible Spectrometer Optical Interface 85




3.7 MALT (Multiple Atmospheric Layer Transmission) 90
3.8 Classic Least Squares (CLS) 94
3.9 Kfit 98
3.10 Overview 98
4 Analysis Of Solar Infrared Spectra. 103
4.1 Retrieval Algorithm 103
4.2 Analysis Regions. 103
4.3 a Priori Profiles 106
4.3.1 Ozone a Priori Profile 107
4.3.2 Temperature-Pressure a Priori Profiles 110
4.4 Analysis Technique 112
4.5 Averaging Kernel Analysis 113
4.5.1 Averaging Kernel Theory 113
4.5.2 Results o f the Averaging Kernel Analysis 115
4.6 Monthly Averaged Ozone A Priori Profile 120
4.6.1 Analysis o f Synthetic Spectra 120
4.6.2 Analysis o f Real Spectra 121
4.7 Shifted a Priori Profile 125
4. 7.1 Analysis o f Synthetic Spectra 127
4.8 Analysis Of Real Spectra 129
4.9 Temperature Pressure a Priori Error Analysis 131
4.10 Errors Due To Low Signal To Noise 133
4.11 Error Arising From Solar Zenith Angle And Airmass Calculations 136
4.12 Error Due To Misalignment Of Instrument 136
4.13 Zero Level Offset 137
4.14 HITRAN Line Parameters 137
4.15 Summary Of Error 13g
4.16 Final Analysis Technique 140
5 Analysis Technique Of Ultraviolet And Visible Spectra ¡ 4 3
5.1 Calibration I44
5.2 Standard Lamps I44
5.3 Langley Technique 144
5.4 Ratio-Langley Technique ^
5.5 Aureole Techniques
5.6 General Method
5.7 Calibration Of Ocean Optics Spectrometers ^
5. 7.1 Airmass Range j
5.7.2 Reference Wavelength ^
158
5.8 Retrieval Of Total Column Ozone
Table of Contents
5.9 Absorption Cross Sections 161
5.9.1 Ozone 161
5.9.2 Oxygen and 0 2-0 2 164
5.9.3 NO?, N20 4 166
5.9.4 Water Vapour 169
5.9.5 Sulphur Dioxide 170
5.9.6 Minor Absorbers 171
5.10 Summary 172
6 Solar Infrared Spectral Analysis Results 175
6.1 Signal To Noise Ratio (snr) 176
6.2 Solar Zenith Angle 176
6.3 Instrument Line Shape 176
6.4 Atmospheric Pressure 178
6.5 Detector Zero Level Offset 178
6.6 Analysis Results. 179
6.7 Summary And Discussion 182
7 Solar Ultraviolet And Visible Spectral Analysis Results 195
7.1 Results For The Analysis Of Ultraviolet Spectra 195
7.1.1 Calibration 196
7.1.2 Ozone Retrieval from Langley and Ratio Langley Analysis 199
7.2 Analysis Of Individual Ultraviolet Spectra 208
7.2.1 Retrieved Total Column Ozone 209
7.2.2 Averaged Spectra 212
7.2.3 Sources o f Error 213
7.2.4 Comparison with TOMS same day retrieval 219
7.3 Results From Analysis Of Visible Spectra 224
7.3.1 Calibration 224
7.3.2 Retrieval o f Total Column Ozone 229
8 Comparison Of Total Column Ozone Retrieval. 237
9 List Of Figures 249
10 List Of Tables 257
11 Bibliography 259
12 Appendix 269
Chapter 1 Page 1
1 Introduction
The dry atmosphere is composed predominately of 0 2 (78%), N2 (21%) and Ar (1%), 
with trace gases accounting for less thanl%. The major components of the dry 
atmosphere are listed in Table 1.1. The earth’s atmosphere is a complex system acted 
on by a combination of dynamic, chemical and radiative forces. A balance between 














Table 1.1 Major Components of the Dry Atmosphere [CRC Handbook of Chemistry and Physics 
1995 to 1996].
The temperature of the troposphere is a balance between radiative warming and 
adiabatic cooling. The troposphere is warmed when radiation emitted from the earth’s 
surface is absorbed and reradiated by the “greenhouse” gases, predominately water and 
C 02. As the distance from the earth’s surface increases, the degree of heating decreases. 
Warm lighter air parcels at lower altitudes will rise into the cooler heavier air parcels. In 
doing so the air parcels will undergo adiabatic cooling. In the troposphere the rate of
Chapter 1 Page 2
Figure 1.1 Thermal Structure of Atmospheric Layers [Brasseur and Solomon, 1984].
adiabatic cooling is less than the rate of radiative warming, resulting in convection and a 
mixing of the troposphere [Wayne, 2000]. In the stratosphere the atmosphere is stable 
and the temperature is dominated by radiative transfer, predominately by the absorption 
of incoming solar radiation by ozone resulting in the photochemical dissociation of 
ozone via the reaction
O3 + hv —» O2 + O (k < 320nm) 1.1
creating an increase in temperature with altitude. The height of the tropopause is 
determined by a balance between the adiabatic mixing of the troposphere and the 
radiative heating of the stratosphere, increasing in height in the summer and decreasing 
in winter. The troposphere extends to around 18km in the tropics, decreasing to 8km at 
the poles. In the mesosphere temperature is controlled predominantly by dynamic effects 
resulting in the negative gradient with altitude. Dynamic forces can so dominate 
radiative forces in the mesosphere, to cause the mesosphere to have a warm winter pole 
and a cold summer pole, with the summer pole being the coldest region in the earth’s 
atmosphere. The temperature of the thermosphere is determined by radiative heating.
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The change in gradient at the tropopause, stratopause, mesopause and thermopause 
results in impedance to mixing between the adjacent atmospheric regions.
Figure 1.2 Depth of Penetration of Solar Radiation through the Atmosphere as a Function of 
Wavelength [Brasseur and Solom on , 1984].
The chemistry of the middle and upper atmosphere is driven by the incident solar 
radiation. Figure 1.2 shows the degree of penetration of radiation through the 
atmosphere as a function of wavelength. UVC radiation (k < 280nm) is total absorbed, 
predominately by absorption and photochemical destruction by O2 via the reaction 
[Chapman, 1930]
O2 + hv —> 20  X < 242nm 1.2
UVB (280nm to 320nm) and UVA (320nm to 400nm) are heavily attenuated by the 
absorption and photochemical destruction of ozone, predominately in the stratosphere, 
via reaction 1.1. In this way the atmosphere acts to protect the biosphere from 
potentially harmful radiation [Rowland, 1996].
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The atmospheric distribution of ozone is a result of a balance between the 
photochemical production and the photochemical catalytic destruction of ozone, 
together with the effect of large-scale transport mechanisms in the stratosphere. Figure
1.3 shows a typical distribution of ozone with altitude, referred to as the “vertical 
profile”. Approximately 90% of the atmospheric ozone is located in the stratosphere and 
upper atmosphere, with less than 10% located in the troposphere [Crutzen and 
Lawrence, 1997]. Ozone concentration is at a maximum in the lower stratosphere 
between 15 and 30km. It is this region of increased ozone concentration that is known as 
the “ozone layer”. Changes in the total column amount of ozone, or in the vertical 
distribution of ozone will affect both the temperature of the stratosphere and the degree 
of solar UV radiation transmitted through the atmosphere, both of which will have 
implications for the rates of reactions of other atmospheric species, as well as the 
atmospheric circulation.
Vol Mixing Ratio
Figure 1.3 Ozone Vertical Profile (Latitude 34°S, April).
The importance of atmospheric ozone was brought to public attention when, in 1985, 
Farmer et al of the British Geological Survey in Antarctica reported a dramatic decrease
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in atmospheric ozone in the Antarctic spring [F arm er e t a l., 1985]. Since then a 
decrease in Antarctic atmospheric ozone has been reported each spring. From the mid 
1990 s similar but less dramatic decreases in atmospheric ozone has been reported 
during the Arctic spring. Decreases of between 5% and 8 % per decade have been 
reported in midlatitude atmospheric ozone [R ow land, 1996; Solom on , 1997; Solom on , 
1999].
1.1 Units
The units for expressing the concentration for atmospheric constituents vary widely, and 
depends to some extent on the way in which the constituents’ concentration is 
determined. The concentration can be given as mass per unit volume, such as g/cm3, 
g/m , moles/m . Alternately a number density can be given where the number of 
molecules per unit volume is quoted. Vertical distribution of a constituent can be given 
as a mole fraction or the volume mixing ratio, expressed as ppmv (parts per million 
(10 ) by volume), pptv (parts per trillion (10 ) by volume) etc. Alternatively the vertical 
profile of a constituent is often described by the constituent’s partial pressure with 
altitude. In contrast, the total column amounts, collected either by ground based or 
satellite borne instruments, where no vertical information is available, are commonly 
quoted as the number of molecules in a vertical column above a unit area.
There are several alternate ways in which altitude can be expressed. Altitude is 
commonly determined by measuring the atmospheric pressure at the required altitude, 
and hence the altitude is quoted as the “pressure altitude”, given in hPa. This can be
Chapter 1 Page 6
converted to geometric altitude (km) either by use of the hydrostatic equation, or more 
commonly by reference to a standard, usually the US atmospheric standard (1976). 
Ozone total column amounts are traditionally given as Dobson units (DU). If the ozone 
in a vertical column is compressed to standard temperature and pressure conditions 
(STP), the thickness (i.e. height) of that column will give the number of Dobson units. 
One Dobson unit is defined as a 0.01mm column at STP, or lmilliatmosphere cm. One 
DU is equal to 2.69xl016 molecules cm'2.
1.2 The Ozone Chemical Cycle of the Clean Atmosphere
S. Chapman in 1930 [C hapm an , 1930] originally proposed that, in a pure oxygen 
atmosphere, ozone would be produced in the stratosphere by the photo dissociation of 
molecular oxygen by short wave radiation of wavelengths less than 242nm, according to
reaction 1.2 and 1.3
O2 + hv —> 20 (A.<242nm) 1.2
02 + O + M —̂  O3 + ÎM 1.3
and destroyed either by the recombination with atomic oxygen
0+ O3 —> 2O2 1.4
or by interaction with solar radiation of wavelength greater than 310nm.
0 3 + hv (A, > 3 lOnm) -^02 (3Eg ) + O (3P) 1.5
0 3 + hv (À < 310nm) -> 02 (*Ag) + O (]D) 1.6
The excited 0 (!D) produced in reaction 1.6 is quickly converted to 0 (3P) by collision^ 
deactivation. In the Chapman scheme, only reactions 1.2 and 1.4 create or destroy odd 
oxygen, with odd oxygen being defined as the combination of O3 and O. Reactions 1 .3 ,
1.5 and 1.6 cycle odd oxygen between O and O3, and in so doing determine the
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partitioning between O3 and O. At high altitudes, where the intensity of incoming solar 
radiation is a maximum, O will dominate, whereas in the stratosphere O3 is dominant 
[W ayne, 2000].
In the earth’s atmosphere trace gases provide an alternate pathway to the destruction of 
ozone via catalytic cycles of the form
x + o3 ^  xo + o2 1.7
XO + O X + O9 1.8
NET O + O3 —> O2 + O2 1.9
such that the catalytic species is regenerated at the completion of each cycle and is again 
available to react with ozone. The most important catalytic species include H, OH, NO 
and Cl. Competing with the catalytic cycles are null and reservoir cycles. These cycles 
can act to either inhibit or enhance ozone destruction by either tying up or releasing 
catalytic species from reservoir species [W ayne, 2000]. The cycle that dominates 
depends on the rate of the reaction and on the concentration of the trace species, and 
hence varies with altitude. Therefore, when studying any perturbation to ozone 
concentration, knowledge of the altitude at which the perturbation is occurring is of 
importance. At high altitudes, where the concentration of O is high, the destruction of 
ozone is dominated by reaction 1.4 and by catalytic reaction involving HOx. Above 
50km, the natural destruction of ozone is dominated by the catalytic cycles:
Cycle 1 H + O3 —> OH + 0 2 1.10
OH + O —> H + O? 1.11
O 4- O3 —> 2 O3 1.12
and to a lesser extent by:
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Cycle 2 OH + 0 3 -> H 02 + 0 2 1.13
HO? + O -> OH + O? 1.14
O + 0 3 20 3 1.15
With decreasing altitude, the importance of HOx decreases and that of NOx and C10x 
increases. In the upper stratosphere destruction is dominated by the NOx cycle:
Cycle 3 NO + 0 3 -^ N 0 2 + 0 2 1.16
NO? + O -> NO + P 2 1.17
O + O3 —> 202 1.18
Competing with the catalytic NOx cycles are null cycles such as:
Cycle 4 NO + 0 3 —> N 02 + 0 2 1.19
NO? + hv -> NO + O 1.20
0 3 + hv —>0 2 + 0  1.21
Cycle 4 does not destroy odd oxygen but interconverts O3 and O. At lower altitudes the 
O quickly recombines to O3 again, and therefore cycle 4 effectively acts to remove the 
NO from taking part in catalytic cycles that destroy ozone.
In the unperturbed atmosphere, the C!Ox cycle plays a lesser, but significant role to that
of NOx:
Cycle 5 CIO + 0  —> Cl + o 2 1.22
Cl + O , -»  CIO + 0 , 1.23
O3 + 0  —> 0 2 + 0 2 1.24
The major non anthropogenic source of Cl is CH3CI produced either from the oceans or 
from burning of vegetation. Once in the stratosphere the Cl is released either by reaction 
with OH or, at higher altitudes, by being photolysed. Active chlorine can be removed
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into reservoir species, predominately HC1, by reactions such as 1.25, and released by 
reaction 1.26.
Cycle 6 Cl + C H 4  —> C H 3 +  H C 1 1.25
O H  + HCl H 9 O  + Cl 1.26
C H 4  +  O H  - c h 3 + h 2o 1.27
Approximately 70% of the stratospheric C10x is tied up as HC1.
In the lower stratosphere, where the concentration of O is very low, destruction is 
dominated by NOx and cycle 3 above, and to a lesser extent by the C!Ox cycle:
Cycle 7 Cl + 0 3 —» CIO + 0 2 1.28
CIO + H 02 -> HOC1 + 0 2 1.29
HOC1 + hv -> Cl + OH 1.30
OH + Oj —> HO? + O? 1.31
20 3 —> 302 1.32
HOx contributes to ozone destruction at lower altitudes mainly by the cycle 
Cycle 8 OH + O3 —̂ H 02 + 0 2 1.33
HO? + O? —> OH + O? + 0 2 1.34
20 3 —> 302 1.35
The troposphere contains 10% of the atmospheric ozone. The stratosphere acts as one 
source of tropospheric ozone. The production of O 3  in the lower atmosphere is limited 
by the lack of O atoms which, in the upper atmosphere, result from the photo­
dissociation of 0 2. The only known reaction for the production of ozone in the 
troposphere is via the photolysis of N 02:
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NO2 + h v —> O + NO 1.36
O + O2 + M —> O3 + M 1 -37
with NO2 being produced by reaction such as:
0 H + C 0 ^ H + C 0 2 1.38
H + 0 2 + M -> H 0 2 + M 1.39
H02 +NO -» OH + N 02 1 -40
resulting in the net reaction:
CO + 202 +hv -» C 02 +0 3 1.41
Ozone can also be destroyed in the troposphere by the reactions
Cycle 9 HO2 + O3 —̂ OH + 2O2 1.42
CO + OH -> H + CO2 1.43
H + 0? + M —> HO9 + M 1.44
CO + O3 —> CO2 + O2 1.45
The net balance of production and loss is dependent on the ratio of the concentration of 
NO to 0 3 concentration. Regions of low NO concentration (for example over the 
oceans) will act as a sink for tropospheric ozone and region of high concentrations (for 
example in polluted atmosphere) will be a net source. Sources of tropospheric NO* 
include microbial action in soil, oxidation of biogenic NH3, lightning and biomass 
burning [Wayne, 2000]. In the polluted troposphere, NO can be oxidised to N 02 via 
reactions with RO or R02 such as:
CH4 + OH —> CH3 + H20 1.46
CH3 + 0 2 + M —> CH3O2 + M 1.47
CH3O2 + NO -> CH3O + N 0 2 1.48
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1.3 Natural Variation in Atmospheric Ozone
It is necessary to have a full understanding of the natural variations in ozone before any 
possible perturbation to ozone by anthropogenic pollutants can be discerned. The 
expected natural variation is also important when comparing data from two different 
measurement techniques when either or both the time of data collection, and the location 
of the data collection is not coincident for the two techniques.
The natural variation in ozone is driven by several phenomena, with the most significant 
including the level of activity occurring on the sun’s surface, and the dynamics of the 
atmosphere.
1.3.1 Solar Cycle
The degree of activity on the sun’s surface, in particular the number and strength of sun 
spots has a periodicity of 11 years, known as the solar cycle. The level of solar activity 
is most often estimated by monitoring the change in the 10.7cm radio emission from the 
sun, commonly known as the 10.7cm solar flux or F10.7, which has been shown to be 
correlated to the number of sunspots (http://www.ips.gov.au/). Increased solar activity 
can perturb atmospheric ozone directly by both the changes in solar UV iiradiance, and 
by changes in relativistic electron precipitation (REV). Relativistic electron precipitation 
(REV) deposits energy into the atmosphere by collisions with, and excitation of 
atmospheric molecules. Variations in solar radiation of wavelengths less than 242nm 
directly affects the photo-dissociation of oxygen molecules in the upper stratosphere, 
and thus the production of ozone [Hood, 1997; Labitzke and Vanloon , 1996]. However 
the details of this variation is still not well understood [Hood, 1997; Labitzke and
3 0009 03285454 4
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Vanloon, 1996]. From both theory and model studies the greatest effect of increased 
solar radiation is expected to be in the low and middle latitudes, where photolysis rates 
are greatest. Indirect effects of the solar cycle due to temperature feedback are expected 
to be evident between 35 and 40km (6 to 3mbar) with an increase in ozone of between
1.5 and 2.5%. At altitudes less than 20km (55mbar) the increase is expected to be less 
than 1.5% [Hood, 1997]. However studies of data from the Solar Backscattered 
Ultraviolet instrument (SBUV) [H ood, 1997], the Total Ozone Mapping Spectrometer 
(TOMS) [Labitzke and Vanloon, 1996], and the Stratospheric Aerosol and Gas 
Experiment (SAGE) [W ang et al., 1996] have all shown the maximum effect to ozone 
levels from the solar cycle is at altitudes less than 28km (16mbar). This suggests that it 
is changes in the lower stratospheric dynamics between solar minimum and solar 
maximum that is driving the majority of the observed changes in ozone. Solar maxima 
occurred in 1980 and 1991 with the next maximum expected in 2002.
1.3.2 Dynamic Affects on Ozone
The dynamics of the stratosphere is quite distinct to that of the troposphere. Whereas the 
dynamics of the troposphere is driven predominately by temperature differences, the 
dynamics of the middle and upper atmosphere is driven largely by energy released into 
the upper atmosphere by upward moving wave systems originating in the troposphere 
[Holton, 1997]. It has been estimated 80% of the daily variations observed in total 
column ozone can be attributed to natural dynamic effects [Allen and  Reck, 1997]. 
Several dynamic process contribute to this natural variation, including the Quasi­
Biennial Oscillation (QBO), the El Nino Southern Oscillation (ENSO), plus mid scale 
and planetary scale waves. The extent of perturbation to the ozone concentration varies 
with altitude and latitude for each phenomenon.
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1.3.2.1. QBO (Quasi-Biennial Oscillation)
The Quasi-Biennial Oscillations (QBO) is a pattern of zonal wind reversals with period 
varying from 24 to 30 months. The QBO originates in the tropical region and is highly 
symmetric about the equator. The easterly phase has a typical maximum velocity of 
20ms1 at the equator, with the decrease in velocity being described by a Gaussian 
distribution with a half width of around 12° in latitude. In contrast the westerly phase 
has a maximum velocity of 10ms'1, with a half width of the Gaussian distribution of 10°. 
The QBO originates at an altitude around 30km, with rapid attenuation of the strength 
below 23km [H olton , 1997].
The meridional and the associated vertical motion of the QBO has an effect on the 
ozone variation in the tropical region, which can then impact on the ozone variation at 
higher latitudes. For example, at 60°-70°S the easterly phase of the QBO results in an 
increase in ozone and the westerly phase produces a negative response in ozone. The 
QBO can result in around a 6 % change in the mean ozone (-10 to +10 DU) [Holton, 
1997].
Typically the 50mbar tropical wind (an average of observations from Ascension,
Balboa, and Singapore) is used as an indicator of the strength and phase of the QBO 
[H arris e t a l., 1997].
1.3.2.2. El Niño Southern Oscillation (ENSO)
ENSO is a long term internal oscillation in the ocean-atmosphere system with a period 
of 3-7 years, but with an average of 3 to 4 years, and lasting for 12 to 18 months. ENSO 
loosely refers collectively to both El Niño and La Niña. El Niño events are characterised
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by high atmospheric pressures in the western tropical Pacific and Indian Ocean regions, 
accompanied by low atmospheric pressures in the south eastern tropical Pacific. El Niño 
conditions is associated with warm eastern and central equatorial Pacific sea surface 
temperatures, and with weaker than usual trade winds. La Niña conditions are 
characterised by stronger than normal trade winds and by low sea surface temperatures 
in the equatorial eastern Pacific (http://www.noaa.gov/climate.html).
The Southern Oscillation Index, SOI, defined as the difference in sea level atmospheric 
pressures at Tahiti and Darwin is used as a measure of the strength of the trade winds, 
and an indicator of ENSO.
ENSO has a significant impact on global atmospheric circulation and weather systems. 
During ENSO events, ozone-poor tropospheric air parcels can be lifted into the 
stratosphere in the equatorial region, resulting in decreases in ozone levels in the eastern 
Pacific equatorial regions, and increases in the western regions. The effects can be 
transported to higher latitudes by the atmospheric circulation such that at 60-70°S the 
annual mean ozone can be decreased by up to 13% [Zou and  G a o , 1997].
1.3.2.3. Planetary Scale Waves
Two types of planetary scale atmospheric dynamic waves have a major influence on the 
natural variability of atmospheric ozone, particularly in the middle and upper 
atmosphere: large scale planetary waves and buoyancy waves. Large-scale planetary 
waves are generated in the troposphere by temperature differences between the 
continents and the ocean, and by the topography of the continents. The wave propagates 
vertically from the troposphere, into the lower and mid stratosphere. As the wave
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propagates upwards the atmosphere becomes less dense and eventually the wave 
becomes unstable and is said to “break”, in a similar manner to an ocean wave breaking 
as the wave approaches shallow depths. This creates chaotic mixing, and transfers 
energy into the upper atmosphere. As the wave is moving upward, the Coriolis effect 
created by the spinning planet also acts on the wave. The result is a motion from the 
troposphere at the equator up into the stratosphere and then to the poles. Due to the 
dynamics of the atmosphere, the system can only develop in the winter hemisphere, 
where westerly systems predominate. However, there is a weaker summer hemisphere 
cell observed, which is possibly produced by weaker dynamic effects. The net result of 
the large scale planetary waves is a stratospheric pump that produces stratospheric 
tropospheric exchange at the tropical region, and mixing through the stratosphere, with 
this pump being stronger in the winter hemisphere [B rasseur an d  Solom on, 1984; 
H olton , 1997; H o o d  e t a l., 1999].
In contrast, gravity, or buoyancy waves are produced by air packets being displaced 
vertically as the packet moves over either topographical features, such as high 
mountains, or tropospheric weather systems such as frontal or convective weather 
systems. Because, particularly in the stratosphere, potential temperature increases with 
altitude, as the air packet is displaced vertically the air packet will be subject to a 
buoyancy force. This buoyancy will cause the air packet to oscillate about its mean 
position, resulting in the gravity or buoyancy wave. Again, as the gravity wave 
propagates into the less dense mid and upper atmosphere, the wave becomes less stable 
and will eventually become chaotic and break [Holton, 1997]. In contrast to the 
planetary wave, gravity waves persist in both the summer and winter hemisphere, with 
the net effect being a pumping system moving from the summer pole to the winter pole,
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across the equator, with the circulation rising at the summer pole and sinking at the 
winter pole [Holton e t a l., 1995; H olton , 1997].
The large-scale planetary waves have the greatest effect on ozone at high latitudes with 
maximum fluctuations from late autumn to early spring. Fluctuations of up to 35DU, or 
just over 1 0% of the mean ozone levels, are observed in the winter high latitudes 
compared to daily changes of up to 5DU in the tropics [Allen an d  R eck , 1997]. Gravity 
waves have the greatest impact at mid latitudes, where the effect lasts longer and is 
more intense than planetary waves in the same region, with fluctuations up to 12DU 
expected from autumn through to spring compared with 5DU in summer.
Table 1.2 gives the observed average natural variation in ozone for 5° latitudinal bands 
for each month of the year. The natural daily fluctuations in total column ozone that can 
be expected at 35°S, i.e. the latitude of interest in this work, is at a maximum in mid 
winter with an average of 18DU, decreasing to 6DU in mid to late summer [A llen a n d
Reck, 1997].
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Latitude Jan Feb Mar April May June July Aug Sept Oct Nov Dec
60N 29 30 31 25 19 14 12 12 15 19 22 26
55N 31 32 31 26 2 0 14 13 13 16 20 23 28
50N 31 32 30 27 2 0 15 13 12 15 19 23 28
45N 28 30 29 26 21 16 12 10 12 16 2 0 25
40N 25 27 27 23 18 14 19 7 9 12 17 21
35N 19 2 2 21 17 14 9 6 5 5 8 12 16
30N 12 14 14 11 9 6 4 4 4 5 7 10
25N 7 8 8 7 6 4 3 3 3 4 5 6
20N 5 5 5 5 4 3 3 3 3 3 3 4
15N 3 3 3 3 3 3 3 3 2 3 3 3
ION 2 2 2 2 2 3 2 2 2 2 2 2
5N 2 2 2 2 2 2 2 2 2 2 2 2
0 2 2 2 2 2 2 2 2 2 2 2 2
5S 2 2 2 2 2 2 2 2 2 2 2 2
10S 2 2 2 2 2 2 2 2 2 3 2 2
15S 2 2 2 2 2 2 3 3 3 3 3 3
20S 3 3 3 3 3 4 4 4 4 5 4 3
25S 3 3 3 4 5 6 6 7 6 6 5 4
30S 5 4 5 6 8 10 12 11 11 9 7 6
35S 7 6 7 9 12 15 18 17 16 13 10 8
40S 11 10 10 13 17 20 23 22 21 17 14 12
45S 15 15 15 18 21 24 27 27 26 22 18 16
50S 17 18 19 22 24 28 31 32 31 28 21 17
55S 16 18 2 2 24 26 29 32 33 33 32 25 17
60S 12 15 21 25 26 27 29 28 32 36 27 15
Table 1.2 Monthly RMS Total Ozone Daily Differences (DU) averaged over 5° latitude from 60°N 
to 60°S as observed by TOMS [Allen and Reck, 1997].
1.4 Polar Ozone Depletion
Concerns have been raised in the past 30years or so regarding the possible detrimental 
effects of anthropogenic emissions, both of gases and aerosols, into the atmosphere 
[R ow lan d , 1996; Solom on , 1988]. Models had predicted ozone depletion at high altitude 
due to the free chlorine released by the photolysis of anthropogenic chloroflourocarbons 
(CFCs). However, since the levels of ozone at these altitudes (around 40km) is low, the 
overall impact on total column ozone was expected to be small. Hence, when in 1985, 
Farmer e t a l [F arm er e t a l., 1985] reported a decrease in atmospheric ozone above 
Halley Bay, Antarctica to less than 200DU or approximately 2/3 of the normal value,
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both the magnitude and the latitude at which the depletion occurred was totally 
unexpected [Solom on, 1988]. Vertical profiles from McMurdo Station (see Figure 1.4) 
revealed that the loss was predominantly in a narrow band just below 2 0 km, with close 
to 100% of the ozone being removed in that region [H ofm an e t a l ,  1987].
Several theories were originally proposed to explain the depletion of Antarctic ozone, 
including destruction due to increased solar activity [C a llis  a n d N a ta ra ja n , 1986], and 
the Antarctic stratosphere being diluted by low ozone tropospheric air rising into the 
stratosphere [M ahlam  an d  F els , 1986; Tung, 1986; Tung e t a l., 1986], however the 
preponderance of evidence collected since 1985 has supported the “CFC theory”, 
[M olina an d  R ow land, 1974; Solom on , 1997]. The CFC theory proposed that inactive 
chlorine, predominately C10N02 and HC1, originating mainly from CFCs, is converted 
to active chlorine such as Cl2 and HOC1 on polar stratospheric clouds, formed when 
temperatures are below 188K. With the onset of sunlight in spring, and the release of 
active Cl, rapid catalytic ozone destruction occurs [F arm er e t a l ,  1985; M olin a  a n d  
R ow land, 1974; Solom on, 1988; Solom on, 1990]. Figure 1.5 shows the correlation 
between the decrease in ozone concentrations and the increase in CIO levels as the edge 
of the polar vortex is crossed, giving strong evidence for the role of activated chlorine in 
the destruction of ozone [Hofman et a l ,  1987].
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Figure 1.4 Vertical profile of ozone during the formation of the ozone hole showing the almost 
complete depletion of ozone at 15-20km [Hofman et a l ,  1987].
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Figure 1.5 The observed variation of CIO and O3 across the edge of the Antarctic ozone hole on 
September 16,1987 [Hofman e ta l., 1987].
The key to the depletion of stratospheric ozone over Antarctica are the heterogeneous 
reactions that can occur on polar stratospheric clouds (PSC’s). Polar stratospheric clouds 
are formed from the condensation of sulphuric acid aerosols. Type I polar stratospheric
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clouds are formed at temperatures below 200K when HN03 condenses into the 
sulphuric acid aerosols, forming nitric acid dihydrate (NAD) or nitric acid trihydrate 
(NAT) aerosols. Once the temperature drops below 188K, condensation of pure H2O 
predominates over that of HNO3, and type II polar stratospheric clouds are formed 
[Solomon, 1997]. The clouds are formed in a narrow band, 1 to 2km thick, between 15 
and 25km, where the temperature is coldest, and show horizontal structure, forming in 
bands with clear striations [Solom on , 1997]. Type II clouds promotes ozone loss in two 
ways. First of all PSC’s allow for the activation of halogens via heterogeneous reactions 
such as [Portmann et al., 1996; Solom on , 1988; Solom on , 1997]:
HCl(s) + C10N02 -> Cl2 + HN03(s) 1.50
H20 (s) + C10N02 -» HN03(s) + HOC1 1.51
HC1(S) + N20 5 -> C1N02 + HN03 1.52
Equations 1.50 and 1.51 convert the inactive forms of chlorine, C10N02, to a potentially 
active form, which readily photolyse in the presence of sunlight, releasing the chlorine. 
Secondly the reactions 1.52 plus reaction 1.53:
H20(S) + N2O5 —> HN03(S) 1.53
serve to remove the reactive form of nitrogen as NOx to the non-reactive form of HN03. 
The reaction
CIO + N 02 + M -» C10N02 + M 1.54
is the primary process for the removal of active chlorine, with the rate of the reaction 
being limited by the abundance of N 02. Hence the time available for the reactive 
chlorine to deplete ozone is controlled by the abundance of N 02, and so plays a crucial 
role in the extent and duration of the ozone depletion. Also it has been shown that the
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polar stratospheric cloud particles can become large enough for sedimentation to 
become significant, further denitrifying the stratosphere [Portm ann e t a l , 1996; 
S olom on , 1997].
With the onset of sunlight and the photolysis of the activated species, the released 
chlorine, and bromine by a similar process, is then available to deplete ozone by the
following catalytic cycles:
2 x (Cl + 0 3 -> 2C10 + 0 2) 1.55
CIO + CIO + M -» C120 2 + M 1.56
C120 2 + hv Cl + C102 1.57
C102 + M Cl + 0 2 + M 1.58
net: 2 O3 + hv —> 302 1.59
Reaction 1.57 is the rate limiting step, and only occurs under cold sunlight conditions. 
Therefore ozone depletion will not take place until the sun has risen, in the early polar 
spring.
Depletion is enhanced by the coupling of bromine and chlorine chemistry. Three 
reaction pathways are possible from the reaction of CIO and BrO:
CIO + BrO - OCIO + Br 1.60
CIO + BrO - -» BrCl + 0 2 1.61
CIO + BrO - -> ClOO + Br 1.62
Reaction 1.60 does not lead to any major net reduction in ozone with the OCIO rapidly 
photolysing to back to CIO
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OCIO + hv —> O + CIO 1.63
However reactions 1.61 and 1.62 allow for the release of bromine and chlorine via the
reactions
BrCl + hv —> Br + Cl 1-64
and
ClOO + M -> Cl + 0 2 1-65
Followed by the destruction of ozone via the reactions:
Cl + 0 3->C10 + 0 2 166
and
Br + 0 3 —> BrO + 0 2 1.67
Reaction 1.66 is the most effective reaction in ozone destruction at polar latitudes 
[Danilin et al., 1996; Lary, 1997; M iller et ah, 1999].
The ozone-depleted region has continued to deepen and encompass a wider area during 
the 1990’s. The “ozone hole” is defined as the area with a total column abundance of 
less then 220DU, with the severity indicated by the size of the depleted area and the 
number of days the depleted area persists. (WMO ozone bulletins www.wmo.com.ch). 
Figure 1.6 shows the total column ozone as measured above Halley Bay by the British 
Antarctic Survey for 1955 to 2000, and illustrates the decline in total column ozone 
since the 1970’s [data released by British Antarctic Survey June 2000 (www.nerc- 
bas.ac.uk)].
Two major volcanic eruptions have been proposed to have a major effect on Antarctic 
ozone depletion. The accelerated rate of loss of ozone in the early 1980’s, evident in 
Figure 1.6, was most likely the result of a combination of the increased chlorine levels
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due to the release of CFCs, coupled with an increase in stratospheric aerosols caused by 
the El Chichon (17.4°N, 93.2°W) eruption in 1982. The large aerosol loading resulting 
from the eruption of Mt Pinatubo in June 1991 (15°N, 120°E) resulted in the record low 
ozone levels in the early 1990’s [Portm ann e t a l., 1996; Solom on , 1997], again evident 
in Figure 1.6. Volcanic aerosols can effect ozone in two ways, through radiative 
dynamics or by providing increased surface area for heterogeneous reactions. Volcanic 
eruptions are capable of injecting large amounts of sulphur dioxide into the lower 
stratosphere at altitudes as high as 30km. The sulphur dioxide quickly oxidises to 
sulphuric acid and then condenses as aerosols.
The inter-annual variability seen in Antarctic ozone depletion is most likely due to 
dynamic effects, including temperature fluctuations, different amounts of mixing with 
mid-latitudes in different years, and the timing of the vortex breakdown in different 
years, with this variability possibly modulated by the QBO [Portm ann e t a l., 1996].
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Figure 1.6 October mean total column ozone (DU) observed over Halley Bay, Antarctica by 
the British Antarctic Survey using a ground based UV spectrometer, between 1956 and 2000 
[Data released by British Antarctic Survey June 2000 (www.nerc-bas.ac.uk/)]
Ozone depletion in the Antarctic is dependent on the lower stratosphere reaching 
sufficiently low temperatures for polar stratospheric type II cloud formation. The 
stratospheric temperatures in the Antarctic are the lowest in the earth’s stratosphere. The 
Antarctic polar vortex is particularly stable, forming in late autumn/early winter and 
usually not breaking down until October or November, effectively isolating the 
stratospheric air from the rest of the atmosphere. This stability and size of the vortex is 
due to the dynamic meteorology of the region [O'Neil, 1987; Solomon, 1997]. The lack 
of surface topographical features, in particular between 50°S and the Antarctic 
continent, and the lack of high mountain ranges on the continent result in fewer large 
scale wave disturbances at sub polar latitudes, and hence less wave-induced mixing of 
the polar air with the warmer lower latitude air. The resulting steep temperature 
gradients are accompanied by rapid circumpolar flow and a relatively isolated polar
vortex.
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By contrast, the Arctic polar vortex is less stable, less symmetrical, and is normally 
displaced from the pole resulting in warmer temperatures [O 'Neil, 1987; Solom on , 
1990]. The instability of the Arctic vortex make observations of Arctic depletion more 
difficult compared with the Antarctic. Arctic ozone depletion was first confirmed in the 
spring of 1995 [W M O , 2000; W oyke e t a l ,  1999], with evidence that the extent of 
depletion has increased during the late 1990’s. Depletion is believed to occur in the 
lower stratosphere, with 40 to 60% of the ozone between 13 and 19km, or 25 to 30% of 
the total column ozone being lost [Hansen an d  C hipperfield , 1999; W M O , 2000].
The cause of depletion in the Arctic is less clear than in the Antarctic. Chemical 
depletion following activation of chlorine and bromine on polar stratospheric clouds is 
believed to play a major role, with a strong anti-correlation between levels of CIO and 
ozone being observed [W oyke e t a l., 1999]. Up to 50% of the observed depletion can be 
accounted for by PSC related chemistry [C h ipperfield  an d  Jones, 1999; Crutzen and  
L a w ren ce , 1997; M u ller e t a l., 1997; Steinbrecht e t a l ,  1998a; Von d er  G athen e t al., 
1995; W M O , 2000; W oyke e t a l., 1999]. However changing dynamics and possibly non- 
PSC related chemistry is also thought to play a major role [C hipperfield  an d  Jones, 
1999; H ansen  a n d  C h ipperfie ld , 1999; WMO, 2000; Woyke e t a l., 1999]
The increased PSC related chemical depletion is associated with decreased temperatures 
and increased stability of the Arctic vortex in recent years. Causes for changes to the 
dynamics of the vortex are unclear, but may in part be due to both direct and indirect 
effects of climate change [Shindell e t a l ,  1998; Steinbrecht e t a l ,  1998a]. Increasing 
temperatures in the troposphere will result in decreased temperatures in the stratosphere.
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The decreased stratospheric temperature results in a positive feedback, with decreased 
temperatures promoting catalytic ozone depletion, resulting in further decreases in the 
temperature as less heat is supplied by the photolysis of ozone. A 5% cooling in the 
Arctic region is expected to result in depletion rising from 15% to 50% of the total 
column ozone [Shindell e t a l., 1998]. Climate change is also postulated to result in 
greater water vapour levels reaching the lower stratosphere from the troposphere. As the 
sea surface temperatures increase, particularly in the tropics, the amount of water vapour 
in the troposphere increases, increasing transport into the stratosphere. The water vapour 
is then transported to the polar regions. Stratospheric water vapour determines the 
critical temperature at which PSC’s will form. As the water content increases, the 
temperatures at which PSC form increases resulting in an increase in the temperature at 
which chemical depletion occurs. A 1- 4K increase in temperature in the tropics is 
calculated to result in a 3.8 to 11.4K increase in temperature at which depletion will 
occur [Froidevaux et al., 2000; K irk-D avidoff et al., 1999].
1.5 Mid Latitude Ozone Depletion.
Ozone depletion in the polar regions raised concerns on the possibility of generalised 
global ozone depletion, and long term ozone records have been closely examined, with 
mid latitude ozone depletion first being reported in 1988, with the decrease evident from 
1979 [Rowland, 1996; WMO, 1988]. Although the decline in total global ozone is well 
accepted, as the magnitude of the decline is only a few percent per decade, the rate of 
decrease is still in some dispute [C allis et a l ,  1997; Cunnold e t a l ,  2000a; H arris e t a l., 
1997; Logan et al., 1999; Randel et al., 1999; Solom on et a l ,  1996; W MO, 1988]. The 
determination of the magnitude of any trend at mid latitudes is made more difficult by 
the need for the intercomparison of different measurement techniques to give a
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sufficient temporal and global coverage. A further complication is in identifying natural 
variability, as outlined in Section 1.3, including the solar cycle, QBO and ENSO, within 
the measurement record [C a llis  e t a l , 1997; H arris  e t a l , 1997; Solom on e t a l y 1996].
SBUV data (1979 to 1994) indicates a -2.9% per decade decrease in total column ozone, 
compared with -3.7 to -5.1% per decade from TOMS data [C handra e t a l , 1996]. The 
data from SBUV2, with a linear regression fitted to the data is shown in Figure 1.8. A 
study of Dobson data for the same period indicates a negative trend in total column 
ozone in the northern hemisphere of 7% per decade in the winter/spring, and 3% in the 
summer-autumn [H arris e t a l., 1997]. The trends in the Southern Hemisphere are lower 
(3 to 6 % per decade), with less seasonal variation. The results from the five Australian 
Dobson instruments, Brisbane, Hobart, Laverton and Perth, and Macquarie Is along with 
Buenos Aires (34.6°S) and Invercargill (46.4°S) are listed in Table 1.3. The 7 Dobson 
stations listed show that the magnitude of the decrease in total column ozone increases 
with latitude, and that there is very little seasonal difference.







est 2se est 2se est 2se Est 2se est 2se Src
Brisbane 2 7 .4 57 93 -2 .2 1.8 -2.1 1.7 -1.8 3 .6 -1 .9 2.4 -2 .0 1.5 R ev
Perth 3 1 .9 69 9 4 -0 .4 1.4 -1.7 2 .0 -1 .4 3 .4 -0 .9 2 .0 -1.1 1.3 R ev
B uenos Aires 3 4 .6 65 94 -2.1 1.5 -1.4 2 .4 -4 .2 3.3 -2 .0 3.4 -2.5 1.6 Sta
A spendale 3 8 .0 57 93 -2 .9 1.6 -3.5 1.6 -3 .2 2.8 -2.1 2.4 -2.9 1.2 R ev
Hobart 4 2 .8 67 92 -4 .4 2.1 -5.2 2.7 -5 .2 3 .4 -2 .7 2.7 -4.3 1.6 Rev
Invercargill 4 6 .4 7 0 94 -5 .2 1.6 -2.0 2.1 -1.2 2.6 -3 .2 2.6 -2 .9 1.2 Rev
M acQ uarie Is 54 .5 63 93 -6.8 2.6 -3.4 3 .0 -6.5 4 .8 -6 .0 3.2 -5.7 1.9 R ev
Table 1.3 Ozone Trend from selected Dobson Station [Harris et a l 1997]
Note: Season trends are calculated from data collected between January 1979 to February 1994; est 
is the estimate of the trend; 2se is the 95% confidence level; Src is the source of the data with rev 
referring to revised data and Sta being supplied by station. First year and last year indicates the 
years of usable data from each station.
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Midlatitude ozone loss occurs predominantly at altitudes between 15 and 25km [Callis 
et al., 1997; Garcia and Solomon, 1994; Harris et al., 1997; Solomon et al., 1996]. The 
detection of long term trends in vertical distribution is made even more difficult with the 
limited number of measurement techniques available and the lack of precision for the 
techniques [Harris et al., 1997]. Analysis of SAGEI/II data for the Northern 
Hemisphere, gives a decrease in ozone between 16 and 17km of 9±7% per decade, 
compared with -7±3% per decade from ozone sonde data [Cunnold et al., 2000a; 
Cunnold et al., 2000b]. There is also evidence for an increase in the rate of decrease in 
ozone with latitude [Reinsel et al, 1999].
Figure 1.8 Total ozone (60°N to 60°S) from January 1979 to May 1994 measured by SBUV2, the 
annual cycle and effects of the solar cycle and QBO removed. The solid line is a simple least squares 
fit to the data through May 1991. The dashed line is an extrapolation through May 1994. [Harris et 
a l , 1997]
Several theories have been put forward to account for midlatitude ozone depletion 
including:
1. heterogeneous reactions on sulphuric acid particles [Solomon et al., 1996; Tie and 
Brasseur, 1996],
2. dilution by air from the vortex [Schoeberl et al., 1996; Tuck et al., 1994; Tuck et al.,
1993],
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3. flow through the vortex [Jones an d  M ackenzie , 1995],
4. additional gas phase chemistry e.g. IOx [D aniel e t a l ,  1996; D an ie l e t a l , 1999; 
L a ry , 1997; S o lom on , 1997; Solom on e ta l . ,  1994b; He a n d B ra sseu r , 1996; Wbyfo?
1999],
5. changes in chemical transport mechanism [C allis  e t a l  ,1997; F usco a n d  S a lb y , 
1999; H o o d  e t a l ., 1999].
The mechanism responsible for ozone loss in the northern hemisphere could also differ 
to that of the southern hemisphere due to the effect of Antarctic ozone depletion on the 
southern latitudes, and because of the substantially lower anthropogenic aerosol loading 
compared to the Northern Hemisphere [Solom on e t a l., 1996].
As with polar ozone depletion, midlatitude depletion is enhanced by the increased 
aerosol loading resulting from major volcanic eruptions. The result of the volcanic 
eruptions of El Chichon and Mt Pinatubo can be seen in the SBUV2 data in Figure 1.8, 
with sharp decreases in total column ozone in 1982, and from 1992 to 1993. In the 
northern mid-latitudes, the eruption of Mt Pinatubo in June 1991 resulted in a 6 to 10% 
decrease in total column ozone from January to April 1993. Following the El Chichon 
eruption the surface area densities of aerosols at 19km increased by a factor of 75-80, 
and the acidity increased by 60%. Within 3 months of the Mt Pinatubo eruption, the 
aerosols had moved to the Southern Hemisphere midlatitude at altitudes of 15 to 30km 
[H arris e t a l., 1997]. The total aerosol loading reached a maximum several months after 
the eruption and remained constant until mid 1992 [H arris e t a l., 1997].
The full reasons for ozone depletion at mid latitudes is not completely understood 
[F usco a n d  S a lb y , 1999; H o o d  e t a l., 1999; K irk -D avido ff e t a l ., 1999; R andel et a l .,
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1999; Solom on , 1999; W ang e t a l ,  1999]. The most likely cause for mid latitude ozone 
depletion is a combination of solar, dynamic and chemical effects. Solar cycle effects 
accounted for -1.9% of the depletion, volcanic eruptions increasing sulphate aerosol 
loading contributed -1.5%, dilution from polar processing, -1.1%, temperature and 
transport effects, -1%, and trace gas phase chemistry unassociated with volcanic 
eruptions contributed -0.2%. [C a llis  e t a l ., 1997; M cG ee e t a l., 1994]. Transport 
processes are expected to be a major contributor to ozone distribution and can affect 
midlatitude ozone by up to 10% in 2 years or less. However the overall effect on global 
integrated ozone is around 1%. These transport effects appear to be driven by systematic 
temperature changes that are still not well understood [C allis e t a l , 1997].
1.5.1 Chemical Depletion
The suggested mechanism for the chemical depletion of ozone is similar to the depletion 
in the polar regions on PSC’s, with heterogeneous reactions, predominantly the 
heterogeneous hydrolysis of N20 5, occurring on the increased atmospheric aerosols 
loading,
N2O5 + H20(aerosoi) * 2HNO3 1.68
removing the active form of N20 5 to inactive HN0 3 with HNO3 undergoing photolysis 
slowly via,
H N O 3  + hv -> OH + N O 2  1.69
effectively decreasing the levels of N 02. This in turn effectively decreases the rate at 
which CIO is converted to the inactive form, ClONOj. The major volcanic eruptions 
provide an enhancement in the atmospheric aerosol loading and hence increase the rate 
of depletion [Jacks et a l . , 1996; Solom on, 1997; Solom on e t a l ,  1996], For example the
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increased aerosol levels caused by the El Chichon eruption is estimated to lead to a 
reduction in CIONO2 by a factor of 700, and lead to a significant decrease in ozone.
At midlatitude in the lower stratosphere, reactions involving bromine and possibly 
iodine are expected to play a far greater role compared with the polar region. In 
particular the synergistic ClO/BrO cycle is believed to one of the major contributors to
midlatitude depletion
Br + O3 —) BrO + O2 1.70
Cl + 0 3 ^ C 1 0  + 0 2 1.71
CIO + BrO -> Br + C102 1.72
C102 + M Cl + 0 2 + M 1.73
Net 20 3 —> 302 1.74
Other reactions believed to play a strong role in mid latitude lower stratosphere
depletion include
0H  + 0 3 -> H 0 2 + 0 2 1.75
X 4* O3 —) XO + O2 1.76
XO + HO2 - 4  XOH + O2 1.77
XOH + hv —> NO + OH 1.78
Net 20 3 —> 302 X= Cl, Br 1.79
NO + O3 —> NO2 + O2 1.80
X + 0 3 -^ X 0  + 0 2 1.81
XO + N 02 + M —> XON02 + M 1.82
XONO2 + hv —) NO + O2 1.83
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N 03 + hv -> NO + 0 2 1.84
Net 203 -> 302 X= Cl, Br 1.85
With the reaction between Cl and N 02 playing an important role in the middle 
stratosphere, 30 to 40km, at midlatitude
Cl + o3 —> CIO + o 1.86
CIO + NO -> Cl + N 02 1.87
N 02 + O NO + 0 2 1.88
Net O + 0 3 —̂ 202 1.89
Studies have shown that the level of bromine in the stratosphere is higher than originally 
anticipated, most likely due to the transport of short lived tropospheric bromine species, 
from both anthropogenic and natural sources, into the lower stratosphere by strong 
convective clouds (cloud pumping) in the tropics. The bromine can be supplied to the 
lower stratosphere as active Bry already formed in the troposphere. One of the major 
sources of active bromine is believed to be bromoform (CHBrs). Bromoform is 
estimated to supply approximately lppt Bry to the lower stratosphere at 12km, compared 
with the combination of the major long lived source gases, CHsBr, halon-1211 
(CF2ClBr) and halon-1301 (CF3Br) which are estimated to add 0.5pptv to the lower 
stratosphere [D vortsov et a l., 1999]. Although bromoform is largely naturally occurring, 
the increased impact on midlatitude ozone is through the above synergetic Br-Cl cycle 
(cycle 14) [D aniel et a l , 1996; D aniel e t a l , 1999; D vortsov  e t a l , 1999; L ary, 1997; 
Solom on et a l ,  1994a]. Once in the lower stratosphere, bromine is 45 times more 
effective at destroying ozone than chlorine, and iodine 1000 times more effective 
[D aniel et a l ,  1999; Solom on, 1997], due to the weaker H-Br and H-I bond compared to 
H-Cl bond. The weaker Br-H bond means that around 50% of the stratospheric bromine
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is in the reactive form compared with only a few percent for chlorine. By comparison 
very little F is in the active form, and so plays only a minor role in the catalytic 
destruction of ozone. [D vortsov  e t a l , 1999; R icaud e t a l . , 2000; Solom on e t a l., 1996], 
[Z an der e t a l., 1996].
The anthropogenic contribution to the stratospheric halogen content, predominantly by 
CFCs, has dominated the halogen content over the last 30 years, with the chlorine 
content rising from 0.6ppbv, largely due to the oceanic release of CH3C1, to 1.8ppbv by 
1980, and to 3.2ppbv by 1990 [R ow land, 1996]. The Montreal protocol signed in 1987, 
and the subsequent amendments (Copenhagen 1992, London 1990, and Vienna 1995) 
restricted the manufacture of a range of CFC and a list of other halon containing 
compounds by the signatory parties [Rowland, 1996; W MO, 1988]. Following this 
agreement the total CFC level in the troposphere (including CH3CCI3, CCI4, CFC-113 
(CCI2CCIF2), CFC-11 (CCI3F) and CFC-12 (CC12F2) peaked in 1992 at 2.85ppbv, and is 
now on the decrease [C unnold e t a l., 1997]. The levels in the Southern Hemisphere for 
the major anthropogenic contributors to atmospheric chlorine between 1979 and 1999, 
as monitored by GAGE (Global Atmospheric Gases Experiment) and AGAGE 
(Advanced Global Atmospheric Gases Experiment) at Cape Grim, Australia, are shown 
in Figurel.9. While a decrease in tropospheric levels of methylchloroform and 
carbontetrachloride is evident, the levels of CFC-113 and CFC-11 have reached a 
plateau, and the levels of CFC-12 and methane are still increasing. The decrease in total 
chlorine levels in the troposphere is driven mainly by the atmospheric short lived 
species, in particular methylchloroform. As the contribution of methyl chloroform to the 
total CFC level decreases, the rate of decrease in the levels of total CFCs will slow 
substantially. Coupled with the long atmospheric lifetimes of many CFCs (for example
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CCI3F 52years, CCI2F2 172years) the level of stratospheric chlorine is not expected to 
return to pre 1970 levels until 2060 [C unnold e t a l., 1997; R ow lan d , 1996].
The lag for the transport of tropospheric CFCs to the stratosphere is estimated to be 
between 2 and 3 years to the lower stratosphere [C unnold e t a l., 1997], and 4.7 to 5.3 
years to the stratopause [Anderson e t a l., 2000]. Based on the levels of CFCs in the 
troposphere, the level of total stratospheric CFCs is expected to have peaked in 2000, 
with evidence of the levels reaching a plateau [Anderson e t a l., 2000; D a n ie l e t a l .,
1999; F roidevaux e t a l., 2000; W M O , 2000].
Whereas the tropospheric levels of many CFCs in the atmosphere are either reaching a 
plateau or are in decline, the level of bromine is still increasing. As the potential for 
bromine to destroy ozone is substantially greater than that of chlorine, this increase in 
atmospheric levels of bromine and possibly iodine could result in a delay in the recovery 
of stratospheric ozone levels to pre 1970 levels [Anderson e t a l., 2000; F ro idevau x  e t
a l., 2 0 0 0 ].
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Figure 1.9 Tropospheric levels of the 6 major anthropogenic contributors to atmospheric chlorine 
as measured by AGAGE and GAGE at Cape Grim Australia. [Data released by CGBAPS June 
2000 (http ://www.bom.gov.au/inside/cgbaps/)].
This section emphasises the importance of atmospheric ozone and the need for a global 
network of atmospheric ozone measurement, both total column and the vertical 
distribution of ozone, in trying to understand the cause of polar and midlatitude ozone 
depletion. To be able to discern trends in global atmospheric ozone requires a long-term, 
stable data set, with extensive global coverage. The following section presents a review 
of the instrumental methods employed to determine total column and vertical 
distribution of atmospheric ozone. The section has two main aims. The first is to give an
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overview of the information on atmospheric ozone that is available, and the accuracy 
and precision of that information. The second is to be aware of the type of errors that 
can be encountered when measuring atmospheric ozone, and how these errors impact on 
the quality of the data.
In this work information on atmospheric ozone from independent sources is required for 
two reasons. First, the analysis algorithm for the retrieval of total column ozone from 
the solar infrared spectra requires an initial estimate of the vertical distribution of ozone 
in the atmosphere for the location at which the measurements are being made. Second, 
the results from this work must be compared to the ozone retrieval from a well- 
characterised method for validation purposes. Satellite data from SAGE (Stratospheric 
Aerosol and Gas Experiment) and SBUV (Solar Backscattered Ultraviolet) plus data 
from ozone sondes were considered as sources of data on ozone vertical distribution. 
Data from the satellite borne TOMS (Total Ozone Mapping Spectrometer) and Dobson 
instruments were considered for total column ozone information. For reasons outlined in 
the following section, vertical distribution information for the analysis has been 
obtained from ozone sonde data, launched from Laverton Australia, and the final 
analysis data compared to a combination of TOMS gridded data courtesy of NASA and 
Dobson data collected at Brisbane and Melbourne by the Australian Bureau of 
Meteorology. The following section will concentrate on these instruments, with several 
other instruments included for completeness.
1.6 Instrumental Techniques for Determining Atmospheric Ozone
Atmospheric ozone was one of the first trace gases measured in the atmosphere, with 
measurements being made as early as the 1800s [Solom on , 1988], In 1931 G.M.B.
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Dobson made some of the first intensive studies of atmospheric ozone making ground 
based measurements of ozone at various altitudes and showing that the majority of the 
ozone resided above the upper troposphere [D obson  an d  H arrison , 1930]. The original 
interest in atmospheric ozone measurements was for use in dynamic studies, with ozone 
being considered a long-lived trace gas [Solom on, 1988].
The majority of techniques to measure atmospheric ozone involve monitoring the 
absorption of solar ultraviolet and visible radiation. In contrast ozone sondes monitor an 
in situ  chemical reaction usually between KI and ozone.
The longest reliable ozone data set is from Dobson instruments, with the longest record 
being from Arosa, Switzerland, going back to 1931. Other continuous records 
commence in the late 50s and early 60s [H arris e t a l ,  1997]. However the spatial 
coverage by Dobson instruments is poor, with instruments being concentrated in first 
world countries, and without any coverage above the oceans. Satellite borne instruments 
provide global coverage, but are expensive, and once in orbit calibration and 
maintenance is difficult. High quality global coverage can only be achieved by using a 
combination of measurement techniques, with the nearly coincident independent 
measurement of atmospheric ozone by ground based instruments and satellite borne 
instruments allowing for the detection of flaws in both measurement systems, producing 
an improved combined system [W M O, 1988]
1.6.1 Dobson Instrument
The World Meteorological Organisation (WMO) global network of Dobson instruments 
is shown in Figure 1.10. The Dobson instrument is essentially a double quartz-prism
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monochromator. Although there has been improvements in the optics and electronics of 
the instrument, the design is essentially that of D o b so n , [1931], developed in 1931 
[W MO , 1988]. The instrument allows for the simultaneous measurement of two 
wavelengths in the UV region, with one wavelength absorbed to a greater extent 
compared to the second wavelength. The instrument sequentially measures a series of 
wavelength pairs. Comparison of the absorption for each pair of wavelengths allows for 
the estimation of total column ozone, with the weighted mean average of the individual 
estimates giving the final total column ozone. The four wavelength pairs recommended 
by the WMO are listed in Table 1.4 [M cPeters e t a l ,  1996; WMO, 1988]. The AD 
wavelength pair is the international standard. Originally the absorption cross sections 
from Vigroux were used [Vigroux, 1953], however more recently those of B ass an d  
P au r, [1985] are recommended. The (aA / a D) value for the AD pair is 1.388 using the 
Vigroux coefficients, and 1.428 using the Bass Paur coefficients [W M O, 1988]. Using 
the Bass Paur coefficients the accuracy of the AD pair is estimated to be 3% [Vaughan  
et a l ,  1997]. When comparing Dobson data, the absorption cross sections used should 
be noted.
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Typically, direct sun observations are made at or around noon, where air masses are 
minimal and intensity of UV radiation reaching the spectrometer is maximum. On 
cloudy days observations of scattered UV radiation are made, however conversion to the 
equivalent direct measurements can introduce substantial errors [W M O , 1988].
Systematic errors for the Dobson instrument, including wavelength calibration, errors 
due to atmospheric temperature of absorbing ozone, aerosol scattering, and interfering 
species, have been estimated at between 1.2 and 3.8% [W M O, 1988]. However the 
accuracy of individual instruments can vary greatly, with the main errors being due to 
operational procedures and the instrument’s calibration. A comparison of TOMS V7 
data and 30 northern hemisphere Dobson stations showed that, whereas the average 
error between TOMS and the 30 Dobson station was within 1%, when compared on an 
individual basis the bias between Dobson and TOMS data varied from +5% to -3% 
[M cP eters a n d  L abow , 1996] . This is substantiated by a comparison between SBUV/2 
(V6 ) data and a range of Dobson stations. Whereas the average comparison showed a 
bias of 0.3%, when compared on an individual basis there were significant differences 
between the individual stations and the SBUV/2 data [P lanet e t a l ,  1994]. WMO 
recommends direct calibration against the WMO designated standard instrument,
Dobson 183 [K om hyr e t a l., 1995b].
The Australian Bureau of Meteorology operates Dobson spectrometers in Melbourne, 
Perth, Brisbane, Hobart and Macquarie Is. 1105, normally located at Melbourne, is the 
Australian standard Dobson [N ichol et al., 1996]. As stated in the introduction to this 
section, the information from the Melbourne and Brisbane instruments will be used for 
comparison purposes in this work. These are the closest two sites to Wollongong, are a
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similar difference in latitude from Wollongong, and on a similar longitude (Melbourne 
37.8°S, 145.0°E, Wollongong 34.45°S,150.88E, Brisbane 27.5°S, 152.5°E).
Figurel.10 World distribution of Dobson Instruments [WMO, 1988]
1.6.2 Umkehr Method
Some ozone vertical profile information is available from a Dobson instrument using 
the Umkehr method, developed by Gotz in 1931 [WMO, 1988]. The Umkehr method 
measures scattered UV radiation at high solar zenith angles where the altitude of 
scattering relative to the altitude of absorption is important [WMO, 1988]. The Umkehr 
method reports ozone vertical distribution in 9 layers (see Table 1.5). Studies have 
concluded that Umkehr data only has a valid resolution for 4 layers, being the 
combination of layers 1 to 5 (ground level to 23.5km), layer 6 and layer 7 (28.0 to 
32.6Km) and layer 8 (37.5km) and above [Deluisi et al., 1994; Miller et al., 1997],








1 1.00E-1 0 .0 0
2 2.50E-1 10.3
3 1.25 E-l 14.7
4 6.25 E-2 19.1
5 3.12 E-2 23.5
6 1.56 E-2 28.0
7 7.81 E-3 32.6
8 3.91 E-3 37.5
Table 1.5 Layers used for Umkehr ozone Profile Retrievals. (The tabulated pressure and altitudes 
refer to the bottom of each layer) [Deluisi et al., 1994]
1.6.3 Brewer Instrument
The Brewer instrument was developed by A.W. Brewer in 1973, based on work 
originally by W ardle e t a l., [1963]. The optical configuration of the instrument consists 
of a single diffraction grating, and 5 precision milled exit slits, mounted at the focal 
plane of the instrument. The slits correspond to wavelengths 306.3, 310.1, 313.5, 316.0 
and 320.0nm optimised for measuring ozone and S02. Immediately behind the exit slits, 
a Fabry lens produces a reduced image of the diffraction grating on a 10mm diameter 
photocathode of a photomultiplier tube. The slits are sampled sequentially by moving a 
mask in front of the slits. Because the slits are never moved the wavelength calibration 
is very stable [Vaughan e t a l., 1997]. The resolution of the Brewer instrument is 0.6nm 
compared to 0.9 to 3.0nm of the Dobson instrument [W MO, 1988].
1.6.4 Ozone Sondes
There are several designs of ozone sonde in operation with all designs being based on 
monitoring the redox reaction between ozone and a KI solution. The major sonde in use 
is the electrochemical ozone sonde (ECC) [Komhyr, 1969]. The ECC sonde to a large 
extent has replaced the earlier design Brewer-Mast sonde (B-M) developed in the early 
60s [Brewer and Milford]. However some stations continue to use the B-M sonde for
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consistency. Two other designs, one made in India, based on the B-M sonde, and the 
RS11-KC79 sonde, manufactured in Japan, are also available. [K err  e t a l., 1994; 
K om hyr e t a l., 1995a; Steinbrecht e t a l., 1998b].
As stated above, all designs of sondes determine the atmospheric ozone concentration 
by monitoring the chemical reaction of KI with ozone, according to the reaction 
2KI + 0 3 + H20 ->  2KOH + 12 + 0 2 1-89
The cell then converts I2 to I' according to the overall cell reaction
3T+ I2^ I 3' + 2T 1.90
The predominate cell reaction is
I2 + 2e —> 2T 1.91
resulting in 2 electrons flowing through the cell for every molecule of ozone that reacts 
with I’. The ozone partial pressure in the sampled air is derived from
Po3 = 4.307 x 10'3 i Tp/ 1.92
where
• Po3 is the ozone partial pressure in nanobars
• i is the sensor current due to ozone in microamperes
• Tp is the sonde pump temperature in Kelvin
• t is the time in seconds taken by the ozone sonde gas sampling pump to 
force lOOmL of air through the sensor
The sonde measures ozone at various heights by pumping ambient air into the reaction 
chamber as the balloon ascends to a maximum height of 28 to 36km, when the balloon 
bursts. The design of sondes varies with the type of electrode used, in the design of the 
reaction chamber and in the design of the pump. The ECC sonde consists of two
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platinum electrodes immersed in KI solution of different concentrations in two 
chambers, one the cathode and the other the anode, with the two chambers linked by an 
ion bridge. The Brewer Mast sonde consists of a reaction chamber with platinum gauze 
cathode and a silver wire anode. Air is pumped through a Teflon tube into the chamber 
and bubbled through the KI solution. The Japanese sonde utilises a platinum gauze 
cathode, and an activated carbon anode, in a potassium iodide solution. [Beekm ann et 
a l., 1994; K om h yr e t a l., 1995a]
Ozone sondes are subject to several errors including:
• The conversion of I is dependent on KI concentration. At low KI concentrations the 
predominate reaction of the cell is the reduction reaction
I2 + 2e —> 21' 1.91
As the concentration of I' increases the oxidation half reaction
3T —> I3' +2e 1.93
takes on greater importance in the cell, with the result that more then two electrons flow 
in the circuit for every molecule of ozone that reacts with the T. A doubling of the KI 
concentration results in an apparent 5% increase in ozone concentration [B oyd e t a l., 
1998; K om h yr e t a l., 1995a; Steinbrecht et al., 1998b].
• According to reaction 1.66, the calculated concentration of ozone is dependent on 
the pumping efficiency of the pump, which is known to vary with ambient pressure 
and temperature. Correction factors have been introduced to account for changing 
pumping efficiency during the sonde flight, however the accuracy of the correction 
factor has been questioned [K om hyr et al., 1995a; Steinbrecht e t a l., 1998b].
• The performance of the sonde is heavily influenced by preflight preparation, with 
step changes in retrieval being evident with change in operator.
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• Several atmospheric species cause interference, including S 0 2, which results in an 
apparent decrease in ozone, while N 02 and oxidants such as hydrogen peroxide, 
peracids, and peroxyacyl present in polluted air, result in an apparent increase in 
ozone [K om hyr e t a l., 1995a; L ogan , 1994].
The integrated total column ozone from the sonde is compared with an independent 
measurement, usually a Brewer or a Dobson instrument at the same site. A constant 
mixing ratio is assumed for the profile above the maximum height, and the profile 
integrated to give a total column ozone measurement. A scaling factor, or correction 
factor, is applied to the profile to match the ground based measurement [K om hyr e t a l., 
1995a; W M O , 1988]. The correction factor gives an indication on the accuracy of the 
sonde, but also tends to average any error occurring at low pressures across the entire 
profile. The expected correction factor for an ECC sonde is around 1.0, and 1.25 for a 
Brewer Mast sonde.
Despite the difficulties associated with ozone sondes, they are still the most reliable 
method of obtaining information on the vertical distribution of ozone in the troposphere 
and the lower stratosphere [WMO, 1988]. The Australian Bureau of Meteorology launch 
ECC ozone sondes from Laverton, Victoria on a regular basis. The ECC ozone sondes 
have a reported accuracy of 3-12% when properly calibrated [N ichol e t a l ,  1996]. Data 
from sondes launched from Laverton between 1990 and 1995 have been used in this 
work, as it is the closest site to Wollongong. The average correction factor was 0.98 for
144 sonde launches.
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1.6.5 Satellite Instruments
The first satellite borne instrument for measuring atmospheric ozone was the 
Backscatter Ultraviolet (BUV) instrument launched on the Nimbus 4 satellite in 1970. 
The BUV instrument operated well for two years, after which it experienced difficulties, 
limiting the number of measurements made. The BUV instrument continued to operate 
until 1977. The first TOMS (Total Ozone Mapping Spectrometer) and the first Solar 
Backscatter Ultraviolet instrument (SBUV) were launched aboard Nimbus 7 in 1978. 
Since then several ozone measuring instruments with capabilities of measuring total 
column ozone, vertical distribution of ozone, or both have been launched aboard various 
satellites.
1.6.6 Total Ozone Mapping Spectrometer (TOMS)
There have been four TOMS instruments, with the first flown on Nimbus 7 (November 
1978 -May 1993, and thereafter on Meteor 3 (August 1991 to December 1994), ADEOS 
(Advances Earth Observing System) (September 1996 to June 1997) and Earth Probe 
(July 2 1996 to present).
TOMS consists of a single monochromator and a scanning mirror, and measures 
backscattered radiation at 35 observational angles, perpendicular to the plane of the 
orbit, every 8 seconds. TOMS measures normalised radiance (ie as a ratio to solar 
radiance) at six wavelengths, 312.5, 317.5, 331.2, 339.8, 360, 380nm at l.Onm band 
pass [W M O , 1988]. The wavelengths were modified for the Earth Probe and ADEOS 
instruments to 308.6, 312.5, 317.5, 322.4, 331.3, and 360.0 to give greater accuracy at 
high solar zenith angles [K aye an d  M iller , 1996]. The spectrometer also views direct
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solar irradiance reflected from an aluminium diffuser plate. Over the life of the 
instrument the diffuser plate degrades from exposure to direct solar UV radiation. More 
recent versions of TOMS (Meteor 3 onwards) calibrate this degradation by using a 
series of three on board diffuser plates. The cover plate is exposed to solar energy 
continuously. The working and reference diffuser plates are exposed once every week or 
once every fifteen weeks, respectively. Calibration is achieved by comparing the 
degradation of the three plates [M cPeters and Labow , 1996].
The satellite bearing the TOMS instrument is in a sun synchronous retrograde polar 
orbit that crosses the equator at near noon for each orbit, reaching maximum latitude of 
88°, and providing ozone measurements to the poles as long as sunlight is available. In 
the standard orbit the TOMS instrument has a field of view (FOV) at nadir of 
approximately 50kmx50km for the standard orbit, and provides full global coverage 
each day. The Earth Probe satellite was launched into a lower orbit with the aim of 
studying aerosol optical depths. This gave the Earth Probe TOMS instrument a foot 
print of 26kmx26km but did not provide daily full global coverage. Following the 
failure of the ADEOS satellite, Earth Probe was raised to the higher orbit of previous 
TOMS satellites in December 1997 (information release by NASA; toms.gsfc.nasa.gov).
A comparison of TOMS ozone retrievals from Nimbus 7 and Meteor 3 (version 7) has 
shown the values now agree to within 1% with ground based Dobson instruments, with 
V7 removing a 3% bias associated with V6 TOMS retrievals (TOMS high c/f Dobson) 
[M cPeters and Labow , 1996]. However the comparison also demonstrate biases within 
the TOMS retrieval algorithm including:
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• A bias between and TOMS and Dobson with total ozone amount (See Figure 1.11) 
[M cP eters  a n d  L a b o w , 1996], with the TOMS-Dobson difference increasing by 1% 
per 100DU above 275DU and by 2.4% below 275DU. The 225DU profile is 
introduced below 275DU and it has been suggested that the tropospheric ozone for 
the profile is incorrect. The cause for the error above 275DU has been suggested to 
be a combination of Dobson and TOMS errors, including the effect of stray light in 
the Dobson instruments, plus the use of a table of standard ozone profiles to 
augment TOMS total ozone below cloud cover.
• A bias with latitude has been suggested by a comparison with Dobson No 83. When 
located in Boulder a relative bias of 0.03% resulted compared with 1.6% when the 
instrument was located in Mauna Loa. Bias in retrieval from TOMS V7 with latitude 
has also been noted in the southern latitudes. This has been suggested to be due to 
inaccurate a p r io r i  profiles used in the southern latitudes. Unfortunately the 
distribution of Dobson instruments is more limited in the Southern Hemisphere, 
limiting the scope of any inter comparison [M cP eters a n d  L a b o w , 1996].
• A solar zenith angle dependence above 80° has been noted, See Figure 1.12 
[M cP eters  a n d  L a b o w , 1996] and it is recommend that TOMS data taken at solar 
zenith angles greater than 80° be used with caution, and above 84° not be used at all.
The daily global coverage and high spatial resolution of the TOMS data set makes the 
TOMS instruments unique [H arris e t al., 1997]. Total ozone column amounts as 
determined by TOMS are available on a near real time basis from the NASA site, as 
grided data, with a resolution of 1.0°latitude and 1.25°longitude, with the data smoothed 
both spatially and in time (toms.gsfc.nasa.gov).
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Figure 1.11 The average difference between 
TOMS and 30 northern hemisphere ground 
stations as a function of TOMS total ozone 
[McPeters and Labow, 1996]
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Figure 1.12 The average difference between 
Toms and 30 northern hemisphere ground 
stations as a function of solar zenith angle
[McPeters and Labow , 1996]
1.6.7 Solar Backscatter Ultra Violet Instrument (SBUV)
The SBUV instrument measures backscattered light from earth’s atmosphere to retrieve 
both total column ozone and vertical profile information. There have been 5 SBUV/2 
instruments, not including the original BUV instrument mounted on Nimbus 4 (1970­
1977). The first SBUV instrument was mounted on Nimbus 7 (November 1979 to June 
1990), followed by NOAA 9 (December 1984), NOAA 11 (September 1988 to October
1994), and NOAA 14 (December 1994 and to present). NOAA 13 was launched in 
1993, however the satellite failed before any SBUV/2 data was collected. The SSBUV 
(Shuttle Solar Backscatter Ultra Violet) instrument was designed to be flown on the 
space shuttle, and has made 8 flights, October 1989, October 1990, August 1991, March 
1992, April 1993, March 1994, November 1994 and January 1996.
The SBUV instrument consists of a nadir viewing tandem Ebert-Fastie double 
monochromator, a PMT detector and a diffuser assembly [Ahmad et al., 1994]. A
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separate narrow band monochromator, the cloud cover radiometer, is located in the 
same assembly and is coaligned with the main monochromator. This second 
monochromator, operating at 380nm provides a continuous measure of the surface 
reflectivity [B hartia  e t a l., 1996]. The diffuser allows for the determination of the 
absolute solar irradiance at the top of the atmosphere, by reflecting the solar irradiance 
off the aluminum diffuser into the optics of the instrument. The SBUV/2 instruments 
monitors diffuser plate degradation with a mercury lamp, which the instrument views 
directly, then reflected off the diffuser. The instrument has a FOV of 11.3°xl 1.3° 
corresponding to 200kmx200km footprint [Ahm ad e t a l ,  1994].
The instrument measures the back-scattered solar radiation every 32 seconds at 12 
wavelengths, between 255.5nm and 339.8nm, with a spectral resolution of l.lnm. The 
four longer wavelengths, 312.5nm, 317.5nm, 331.2nm and 339.8nm are identical to 
TOMS and are used for the retrieval of total ozone. The shorter wavelengths are used 
for profile retrieval [W M O, 1988]. The instrument compares the back scattered radiation 
from the earth’s atmosphere with the solar spectral radiance [A hm ad e t a l., 1994; 
H ilsen ra th  e t a l., 1995].
Profile retrieval is based on the different depths of penetration of the selected 
wavelengths into the atmosphere. The shorter wavelengths will penetrate less into the 
atmosphere, for example 288nm will penetrate to about 38km whereas 255nm will 
penetrate to only about 50km (http://hyperion.gsfc.nasa.gov/space_based 
/sbuv/oz_meas.html). At 310nm the photons scatter from the lower troposphere, and 
only provide total ozone measurements. At 301.9 and 305.8nm the radiation comes from 
a broad region of the atmosphere (0-40km), so provides limited altitude resolution.
Chapter 1 Page 50
Figure 1.13 [Bhartia et al., 1996] shows the contributions to the BUV radiance from the 
different levels in the atmosphere. The actual vertical resolution is approximately 8km 
in the upper stratosphere, deteriorating in the lower stratosphere, with no real vertical 
information below 25km.
Figure 1.13 Radiance contribution from approx 0.8km atmospheric layers at BUV wavelengths at 
45° solar zenith angles for a mid latitude 325DU ozone profile. Note the shortest wavelength, 
225.5nm peaks at the top while the longest wavelength, 339.8nm peaks at the bottom.
1.6.8 Stratospheric Aerosol and Gas Experiment (SAGE II)
The original SAGE instrument operated from 1979 to 1981. The second instrument, 
SAGE II, was launched aboard the satellite ERBS (Earth Radiation Budget Satellite) 
October 1992 and is still operational. SAGE HI is expected to be launched aboard 
Meteor-3M in June 2001 and on the International Space Station in 2004 as part of EOS 
(Earth Observing System). SAGE II is a limb-sounding instrument. The instrument 
consists of seven silicon photodiodes coinciding with 1020, 940, 600, 525, 453, 448, 
and 385nm, with the 600nm channel being used for ozone retrieval. A series of scans is 
conducted across the face of the sun at sunrise and sunset. The result is a vertical profile 
from an altitude of approximately 100km to cloud top or to the earth’s surface in cloud 
free conditions, with a resolution of approximately 1km. The design makes SAGE 
essentially self-calibrating, and provides ozone vertical information at high vertical
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resolution. However SAGE II measures ozone at a given location on average only once 
per month.
Comparisons with balloon sonde and rocket sonde ozone measurements from the upper 
troposphere to the lower mesosphere show agreement to ± 5-10%, with a difference of 
5-6% between the tropopause and 30km [M cPeters e t a l , 1994]. However SAGE has 
been shown to be insensitive to tropospheric ozone by comparison of data from TOMS 
(Nimbus 7 and Meteor 3 satellites, November 1978 to May 1993 and 22 August 1991 to 
27 December 1994) with SAGE I and II data [M cPeters e t a l., 1996].
A bias with latitude is also evident in a comparison between SBUV and SAGE date that 
has been suggested due to an incorrect priori profile used in the SBUV (V6) algorithm 
for the Southern Hemisphere.
1.6.9 GOME (Global Ozone Monitoring Experiment)
GOME was launched onboard the ERS-2 satellite in April 1995 in a sun synchronous 
polar orbit with an orbital period of 100.5 minutes giving 14 orbits per day. GOME 
gives global coverage at the equator within 3 days (www.fdd.dlr.de/guide/ERS- 
GOME.html).
The GOME instrument measures the back scattered, reflected and transmitted radiance 
from the earth’s atmosphere and the extra terrestrial irradiance. The instrument is 
essentially a double monochromator. A moderate resolution quartz prism initially 
resolves the radiation. Four channels, 240 to 316nm, 307 to 316nm, 311 to 405nm and 
595 to 793nm, are separated from the low dispersion spectrum. A beam splitter,
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consisting of reflecting and transmitting surfaces coatings, allows channel 3 and 4 to 
pass unaffected, but separates channel 1 and 2, while a dichroic filter separates channel 
3 and 4. The optics for each of the four channels consists of a diffraction grating that 
provides high-resolution dispersion onto a 1024 diode array silicon detector. Hence the 
instrument measures light between 240nm and 790nm, at high resolution 
simultaneously. Ozone is measured in the window 325nm to 335nm. Wavelength 
calibration is performed using a calibration lamp, and radiometric calibration by viewing 
the solar radiation reflected from a diffuser plate. Total column ozone is determined by 
differential optical absorption spectroscopic techniques. Profile information is extracted 
using an optimal estimation approach by constraining the spectrum using an a p r io r i  
profile.
1.6.10 DOAS Instruments
Differential optical absorption spectroscopy (DOAS) techniques rely on the separation 
of the measurement into two parts, with each part varying to a differing degree. For a 
true DOAS measurement the advantage lies in not requiring calibration if the absorption 
cross sections are known, but relying on the difference in measurement for the analysis 
[Stutz and P la tt, 1997].
Twilight zenith instruments use the difference in absorption between twilight zenith 
measurements and high sun zenith measurements in the UV and near visible regions to 
determine atmospheric constituents, predominantly N02 and 0 3. The use of twilight 
zenith measurements was first developed in the early 1970s [B rew er and  N oxon , 1975; 
Hofmann et a l., 1995; Solomon et a l., 1987]. By measuring scattered light at high solar 
zenith angles the absorption can be increased 20-fold over high sun-measurements,
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greatly increasing the sensitivity. The degree of absorption will depend both on the solar 
zenith angle, and on the altitude of the absorbing species, as the degree of light 
scattering will depend on the altitude of the species [.Hofmann e t a l , 1995; Sarkissian- 
e t a l ,  1997]. As scattered light is being measured, effects such as fourth order Rayleigh 
and Mie scattering and the Ring effect, which arises from rotational Raman scattering, 
increase the complexity of the analysis techniques [Vaughan e t a l., 1997].
Intercomparisons of instruments and analysis techniques have been useful in 
demonstrating the sources of error in the twilight zenith technique. In general it is found 
the twilight zenith sky technique for the retrieval of vertical column ozone agreed to 
Dobson measurements to ±10Du or 3% [Hofmann e t a l , 1995].
1.6.11 Sun Photometers
A sunphotometer measures direct beam solar irradiance as opposed to the global solar 
irradiance measurements as described in Section 1.6.10. The direct beam solar 
irradiance measurements are likely to give more accurate results as the modeling of 
direct solar irradiance is much simpler, and therefore introduces less uncertainty.
The design of sun photometers can vary greatly from mid-resolution spectrometers to 
simple filter photometers. The accuracy of direct solar measurement techniques varies 
with instrument design. A comparison of a high-resolution (0.86nm) double 
monochromator and a Dobson instrument resulted in a difference of -1.1 ±0.9%, and -
0.4 ±0.7% when compared with the Brewer instrument. Sources of error include the 
spectral calibration of the instrument, which is reported as ±5% when a lamp is used for 
calibration and up to 2% error caused by misalignment with the sun [H uber e t a l ,
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1995]. The stability of detectors can also introduce errors, either by a temperature 
dependence or a wavelength dependence not being modelled correctly.
Total column ozone can also be determined using simple filter sun photometers. WMO 
recommends measurements at 610 and 675nm to measure ozone from absorption in the 
Chappuis band. WMO also recommends the full view angle be limited to 2.5°, to 
prevent high aureole intensities during times of high turbidity contaminating the reading 
[W MO, 1986]. Inexpensive photometers based on using LEDs as the detectors have also 
been developed, predominately for use in education [Brooks a n d  M im s, 2001].
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1.8 Summary and Aims of Project
The aim of chapter one of this thesis is to demonstrate the importance of ozone in both 
protecting the biosphere from harmful solar radiation, the role of ozone in the chemistry 
and dynamics of the atmosphere, and therefore to show the value of early detection of 
any changes in atmospheric ozone. Chapter 1 also described the techniques available to 
measure both the total column ozone and the vertical distribution of atmospheric ozone. 
If change on a global scale is to be detected, a global network of ozone monitoring, 
consisting of both ground based and satellite based systems is needed.
Ozone has a rich spectrum extending from the far ultraviolet to the microwave region. 
For reasons to be explained in Chapter 2, the shape of the absorption features of the 
infrared spectrum are influenced by the temperature and pressure environment of the 
absorbing molecule, and therefore potentially contains information on the vertical 
distribution of the absorbing molecule. In contrast, in the ultraviolet and visible regions 
of the spectrum, the environment of the absorbing molecules has limited influence on 
the shape of the absorption features. The subsequent easing of restraints on modeling the 
ultraviolet and visible spectra results in greater potential for retrieving accurate total 
column atmospheric ozone. At the Atmospheric Spectroscopy Laboratory at the 
University of Wollongong both visible and ultraviolet diode array photometers have 
been coupled to the same solar tracker as a high resolution Fourier Transform infrared 
spectrometer (HR-FTIR). This ensures all three spectrometers are viewing the same 
atmospheric column, and gives the potential to retrieve both total column ozone and
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some ozone vertical distribution information from the complementary information 
available from the ultraviolet, visible and infrared solar spectra.
The aims of this project are:
• To develop a rugged reliable inexpensive solar ultraviolet and visible spectrometer 
system suitable to determine total column atmospheric ozone, based on the Ocean 
Optics diode array spectrometer,
• To develop the techniques required to determine total column atmospheric ozone 
from ground based solar high resolution FTIR, and diode array ultraviolet and visible 
solar spectrometers,
• To asses if the complementary information available from solar infrared, ultraviolet 
and visible spectra can be used to determine some vertical information on 
atmospheric ozone.
Several research groups retrieve total column ozone values from high resolution solar 
spectra, with work also being carried out on the retrieval of the vertical distribution 
information from the spectrum. The model used in the retrieval is initiated with a first 
guess, or a p riori vertical distribution of both atmospheric ozone and the temperature 
pressure vertical profile. The a p rio ri profile information is most often obtained from 
ozone and radio sondes launched at or near to the site of the FTIR, on the same day as 
the infrared spectra are collected, with the quality of the retrieval being related to the 
quality of the a p rio ri profiles. However access to local ozone or radio sonde data is not 
always possible, and when available, it tends to make the retrieval from the solar 
spectrum redundant. Part of this project is to develop an analysis algorithm to retrieve 
total column ozone from the infrared solar spectrum, using monthly averaged a p r io r i
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profiles for both the ozone vertical distribution and the temperature pressure profile, 
which have been constructed from data collected at a site remote from the infrared 
measurement site. These profiles will then be adjusted to model the profiles over the 
measurement site as part of the analysis algorithm. As outlined above, ozone sonde data 
(ECC sondes) will be used for vertical ozone profile data for the infrared ozone 
algorithm. Sondes have been launched on a regular basis in the past 5 years from 
Laverton providing a consistent record up to 28km in height. The Laverton sondes 
however are launched approximately 1,000km south of Wollongong, and so are not 
guaranteed to represent the profile over Wollongong. Satellite data for the Wollongong 
region are readily available, however data from SBUV instrument does not provide 
sufficient information in the lower stratosphere, and although SAGE does provide 
sufficient altitude resolution, the temporal resolution of 1 profile per month is 
insufficient for this work.
For validation purposes, final total column ozone retrievals from the infrared visible and 
ultraviolet solar spectra will be compared to gridded TOMS data, cross referenced to 
Dobson data collected at Brisbane and Melbourne to determine any latitudinal biases in 
the TOMS data (ADEOS and Earth Probe satellites). The Dobson instrument has an 
expected error of between 1.2 and 3.8% [W M O , 1988]. There is also a possible bias 
with latitude between the TOMS and Dobson instrument [M cPeters and L a b o w , 1996].
The following chapters will detail the techniques developed to collect and analyse the 
solar spectra, and finally present the results of the analysis. Chapter 2 aims to provide 
background knowledge on the relevant aspects of molecular spectroscopy. Chapter 3 
provides information and specifications on the hardware and software utilised in this
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work, including the spectrometers, solar tracker, and analysis software. Details on the 
analysis techniques developed for spectra in infrared and ultraviolet and visible region 
are presented in Chapters 4 and 5 respectively, along with an analysis and estimation of 
the expected errors. In Chapters 6 and 7 the results from the analysis of spectra collected 
between 1997 and 1999 at the Wollongong site will be presented. Chapter 8 compares 
and discusses the results from the three spectrometers, and presents the summary and
conclusion of this work.
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2. Solar Spectroscopy
The reduction of light as it travels through the atmosphere was first quantified in 1725 
by Pierre Bouguer in Brittany, when he used the light of the moon to determine the 
transmissivity of the atmosphere [M iddelton, 1961]. By the early 20th century turbidity 
measurements using the sun were being made on a routine basis [Shaw, 1983]. Modem 
solar spectroscopy utilises the sun as an electromagnetic source, the intensity of which is 
attenuated as the solar energy passes through the atmosphere. The degree of attenuation 
of the solar energy at wavelength X is dependent on the optical thickness or optical 
depth of the atmosphere at that wavelength. In this work the absorption of solar 
radiation in the ultraviolet, visible and infrared regions as the radiation passes though 
the atmosphere is used to determine the concentration of absorbing species, in particular 
ozone, in the intervening atmosphere. To be able to interpret the resulting solar 
spectrum correctly requires knowledge of the way the solar energy interacts with the 
components of the atmosphere. The aim of this chapter is to provide the basic 
background knowledge required.
The atmospheric optical depth can be derived from the Beer-Lambert law or Bouguer’s 
law, which can be expressed as
S(X) = SoM e Zwm 2.1
where
• S(X) is the intensity of the attenuated radiation at wavelength X after passing 
through the atmosphere,
• S Q(X) is the intensity of the incident radiation at wavelength X at the top of the 
atmosphere, and
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• x is the optical depth, am is the airmass and Zx am is the total optical depth
The total optical depth of the atmosphere can be divided into three components:
• molecular or Rayleigh scattering
• aerosol scattering, and
• molecular absorption 
such that
EX/aiU/ — Xaeramaer+ R̂aŷ XnRay 4* Xmol̂ -̂ mol 2.2
Where xaer, xRay and xmoi is the aerosol, Rayleigh, and molecular optical depth 
and amaer, amRay and arnmoi are the corresponding airmass. At ultraviolet and visible 
wavelengths attenuation due to aerosol and molecular scattering makes a substantial 
contribution to the total optical depth, whereas at mid-infrared wavelength the optical 
depth is dominated by molecular absorption.
2.1 Aerosol or Mie Scattering
Scattering is a physical process where a particle removes energy from the incident 
radiation and reradiates it in all directions [Brasseur and Solom on , 1984]. The 
mathematical description of the scattering is complex, and is dependent on the size and 
shape of the particle. The simplest description is for spherical particles and was 
developed by Mie in 1908. Mie theory involves solving Maxwell equations for the 
interaction of an electromagnetic wave of wavelength X with a spherical particle of 
radius r [Kyle, 1991]. While the Mie equations give a mathematical description for the 
scattering by particles, the theory only applies to spherical particles, which apart from 
water clouds, occur rarely. Even for spherical particles, the equations require the 
refraction and absorption properties of the particles which are rarely known [Kyle,
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1991]. The Mie equations do give an insight to the process of scattering and absorption 
of radiation by aerosols.
One critical parameter is the size parameter, x, defined as:
x  = 27tr/X 2.3
such that the size parameter can be varied by either changing the radius of the particle or 
by changing the wavelength of the incident radiation. The scattering of radiation by a 
particle is influenced by both the size parameter, and on the absorption coefficient of the 
particle. For very small particle sizes, the amount of forward-scattered light is equal to 
the backward scattered light, with very little or no side scattering. As x  increases, the 
amount of forward scattered light increases and the backward scattered light decreases. 
As the particle size continues to increase the pattern of scattering can become complex, 
with side lobes developing, but the major direction of scattering is still in the forward 
direction. Conversely a change in the absorption coefficient has little or no effect on the 
forward-scattered radiation, but does change the amount of backward scattered 
radiation. For a constant value of x, an increase in the absorption coefficient results in a 
decrease in the amount of backward reflected radiation, until the absorption coefficient 
becomes very large, that is when the imaginary refractive index is greater than one.
Once the imaginary refractive index is greater than one, reflection starts to dominate the 
backward scattering, resulting in the backward scattered radiation increasing with 
increasing absorption coefficient [Kyle, 1991; S a lty , 1996].
The influence of changing the size parameter and the absorption coefficient on the 
scattering angle is illustrated in Figure 2.1 and 2.2 respectively. In Figure 2.1 the 
scattering angle with intensity is shown for various size parameters (labeled). As the
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size parameter increases the bias to forward scattering increases, and the intensity and 
number of side lobes increases. In Figure 2.2 the scattering efficiency of very small 
particles is shown to be very low, while an increase in absorptivity tends to dampen out 
the change in scattering efficiency with increasing radius (the labels in Figure 2.2 refer 
to the complex term of the absorptivity).
ANGLE RADIUS (micrometers)
Figure 2.2 Change in scattering efficiency 
with increasing particle size for various 
absorption coefficients. The scattering 
efficiency is very low for small particles. An 
increase in the absorptivity (labels indicate the 
complex term of the absorptivity) tends to 
smooth out the structure in the scattering 
efficiency [Kyle, 1991].
Figure 2.1 Change in scattering intensity with 
increasing scattering angle for various values 
of size parameter, x (labeled). As the size 
parameter increases the intensity of scattering 
in the forward increases, and side lobes 
develop [Kyle, 1991]
2.2 Rayleigh Scattering.
Once the size of the particle is much less than the wavelength of the incident radiation, 
such as scattering from molecules, the Mie equations can be simplified and the 
scattering described by Rayleigh theory. It is found that Rayleigh theory gives accurate 
results for particles with a size parameter, x, up 0.1, and can continue to be employed for 
values of x up to 0.3 with reasonable accuracy. In Rayleigh scattering, the scattered light 
is distributed equally in the forward and backward direction. The incident radiation is
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essentially diffracted around the particle and does not actually pass through any part of 
the particle [S a lb y , 1996].
The Rayleigh optical depth at wavelength X is given by [B odhaine e t a l ,  1999]:
=  2.4
™ag
where P is the atmospheric pressure,
A is Avogadro’s number,
ma is the mean molecular weight of air,
g is the acceleration due to gravity, and
a(À) is the scattering cross section per molecule, given by:
a (k )  = 247T3 (li2-1)2 6+3o 2.5
X4N2 (|i2+2)2 6-7p
where jx is the index of refraction of air,
p is the depolarisation ratio and can be calculated from the depolarisation of N2, 
O2, Ar and CO2, and
N is the concentration of the particle in molecules cm'3.
From Equation 2.5, Rayleigh scattering is a function of wavelength, decreasing 
approximately as X4 [B odhaine e t a l., 1999; B rasseu r an d  Solom on , 1984; S alby , 1996]. 
Hence the greatest impact of Rayleigh scattering is in the ultraviolet region, decreasing 
to negligible at mid infrared wavelengths.
2.3 Molecular Spectroscopy
Molecular absorption occurs by the interaction of electromagnetic radiation with 
gaseous molecules of the atmosphere to produce a change in either the electronic,
Chapter 2. Page 64
vibrational or rotational energy of the molecule. An electronic transition can be 
accompanied by a change in vibrational and rotational energy [Atkins, 1990; H erzberg , 
1950], and a vibrational transition can be accompanied by changes in rotational energy. 
Electromagnetic radiation interacts with the molecule via the molecule’s dipole 
moment. If the dipole moment of an electronic transition is equal to zero then the 
transition will have zero intensity. A change in the vibrational energy of a molecule will 
occur if the electric dipole moment of the molecule changes during the vibration. Hence 
a permanent dipole moment is not required, only that the dipole moment changes. For a 
change in rotational energy to occur the molecule must have a permanent dipole 
moment, that is the molecule must be polar. As the molecule rotates, the rotation of the 
dipole moment results in an oscillating dipole, and it is by changes in this oscillating 
dipole moment that electromagnetic radiation is absorbed or emitted.
2.3.1 Line Strength
The line-strength, S, is the integrated intensity of a transition. The line strength depends 
on the transition probability, which is related to the fraction of atoms in the initial state 
carrying out the transition. The number of molecules in the initial state is determined by 
the total number of molecules, N, and how the molecules are distributed across the 
energy levels [Atkins, 1990]. This is described by the partition coefficient, Q. The 
distribution of molecules in each state is proportional to the Boltzmann factor, e_E/kT, 
therefore Q, and hence S, will have a temperature dependence. The line-strength will 
also have a small temperature dependence due to spontaneous emission. The full 
expression for the temperature dependence of the line-strength can be written as
[Griffith, 1996; H erzberg, 1950].
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n
S (T )  «  Q (T  ) x ex p C --^ 2-) x [1 -  e x p ( - ^ ) ]  2.6
where C2 is the second radiation constant and is given by
c2 = —  = l .4387cm K  2 .7
k
Q has contributions from the electronic, Qe, vibrational, Qy, and rotational, Qr, 
partitioning coefficients such that
Q = QeQvQr 2.8
For most cases the electronic energy separation from the ground state is large and Qe 
equals 1.
At atmospheric temperatures a range o f rotational levels are populated and the 
expression for Qr can be approximated by the integral
Qr «  f  (2J + 1) e hcB,Q + 1)/kT d] 2.9
For a linear molecule this can be further approximated to
Q r (T )
kT
hcB
And for a non-linear molecule to
2.10
Qr(T) f  kT Ì/2 f n  >
KhcB j LA B C  J
y2
where A, B and C are the rotational constants. [Atkins, 1990].
2.11
Assuming a harmonic approximation, the vibrational partition function, Qv, may be 
written as [Atkins, 1990]
f  hcv \  
,~KT 2.12
u \ 7
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2.13
The temperature dependence of the partition functions, Q(T) in equation 2.6 can be 
written as
Q(T) = Q e(T )Q v(T )Q r(T) 2 .14
which, for each normal mode of a linear molecule, can be approximated in most cases 
by
1 kT
-h-£  X hcB 













for a non-linear molecule.
Figure 2.3 shows the ratio in integrated line strength at temperature T relative to T296k 
for Eo values of 0 to 400cm for 1). a linear molecule, and 2). a non linear molecule. For 
a linear molecule the line intensity will have minimum temperature dependence for E0 
values approximating 180cm-1, whereas a non-linear molecule (such as ozone) will have 
minimum temperature dependence for E0 values approximating 250cm-1.
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1. Linear Molecule
Temp / K
Figure 2.3 The changes in the integrated line-strength with temperature for E0 values 
from 0 to 400cm'1 for 1). a linear molecule and 2). a non linear molecule. For a non­
linear molecule, the line intensity will have minimum temperature dependence for E° 
values of approximately 250cm1.
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2 .4  S p e c t r a l  L i n e w i d t h s
The absorption of electromagnetic radiation by a molecule does not occur at one discrete 
wavelength. Instead the observed spectral absorption feature will have a finite line 
width, spread over a range of wavelengths. Whereas the line-strength gives the 
integrated intensity for the transition, the absorption coefficient scales the line-strength 
to give the final intensity.
Several factors influence the final line shape and width of the observed spectral feature.
2 . 4 .1  N a t u r a l  L i n e w i d t h .
According to Heisenberg’s equation, it is not possible to specify the energy of the 
various molecular levels exactly. The uncertainty in the energy, ÔE, is inversely 
proportional to the average lifetime, t, the molecule exists in a state, such that:
— 2.17
r
using Ô E ^ h c ô v  2.18
the linewidth is given by
(ernes'1) 2.19
r
From Equation 2.28 the shorter the lifetime of the state involved in a transition, the 
broader the spectral line. In the absence of any external influences, t is defined by the 
spontaneous emission of the system. The linewidth is the natural linewidth, which is an 
intrinsic property of the transition. The natural linewidth is dependent on the frequency, 
increasing with v . Hence transitions in the microwave region have narrow natural line 
widths, while those in the ultraviolet region have larger natural linewidth [Atkins, 1990].
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2.4.2 Collisional or Pressure Broadening.
The lifetime of a state can be shortened by loss of energy through collisions, either with 
the walls of a container, or with other molecules. Hence at higher pressures the lifetime 
of the state is reduced and the line is broadened. The broadening results in a Lorentzian 
line shape, with a half width at half-height (HWHH), a L, such that
p L ( y ) =
a ,
n
( v - v 0)2 + a \
2.20
For pressure broadening the linewidth is proportional to the total pressure [Atkins, 1990; 
H erzberg , 1950]. Figure 2.4 shows a portion of the ozone IR spectrum for the same 
number of ozone molecules at three pressures equivalent to ground level, 20km and 
60km.
2.4.3 Doppler Broadening
In gaseous samples, the frequency of the transition as seen by an observer is shifted due 
to the movement of the molecules. When a molecule is moving towards an observer the 
frequency, v, is shifted to v'according to:




1 + v /c
2.22
For a system where the molecules are moving at random, molecules are moving in all 
directions at various speeds, and the observer will see a range of shifts. At higher 
temperatures the range of speeds of the molecules will increase, with a corresponding 
increase in the range of Doppler shifts. Hence Doppler broadening is dependent on
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temperature and will produce a Gaussian shaped line with a half width at half height 
(HWHH) of [Atkins, 1990].
i
(  2 kT\*v c
G  G = —  X
m
2.23
where m is the mass of the molecule, 
and T is the temperature of the molecule, 
with the Gaussian line shape being given by
I





Figure 2.5 shows an ozone transition centered at 1162.914 cm'1 for the same number of 
ozone molecules at two temperatures, 273K and 243K.
For electronic transitions the line width is dominated by the natural linewidth. For 
example, a typical natural line width for an electronic transition, undergoing 
spontaneous emission, is around 5x10 cm corresponding to a lifetime of 1 0 's. For a 
molecule undergoing radiationless decay the life-time can be much shorter, with 
lifetimes of ps resulting in linewidths of thousands of wavenumber. In contrast, a 
typical rotational natural linewidth is SxlO'^cm'1, corresponding to a lifetime of 103s. 
For rotational and vibrational spectra the line width is a combination of Doppler and 
pressure broadening, resulting in a Voigt lineshape, with Doppler broadening 
dominating at low pressures (high altitudes) and pressure broadening at higher pressures 
(low altitudes). A typical linewidth for a pressure broadened line at atmospheric 
pressure is approximately 0.07cm'1, compared with a typical Doppler broadened 
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Figure 2.4 The transmission spectrum for the same number of ozone molecules at 1013hPa 
or ground level (green), 55hPa or 20km (blue) and 2kPa or 60km (red) showing the effect 
of pressure broadening. At atmospheric pressure the width of the transmission line (green) 
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Figure 2.5. The transmission spectrum for the same number of ozone molecules at 273K (red) and 
243K (Blue) showing the effect of Doppler broadening with increasing temperature.
2.5 Spectroscopy of Ozone
The photo dissociation of the ozone molecule into an O and 0 2 occurs by interaction 
with radiation of wavelengths less than 1140nm. The energy state of the products of the 
photo dissociation depends on the energy of the incident radiation. Radiation of 
wavelength less than 3 lOnm is capable of producing O and 0 2 in the excited state:
O3 + hv -> 0(*D) + 0 2(!Ag) ^<310nm 2.25
giving rise to the Hartley bands (200 to 31 Onm). At wavelengths greater than 3lOnm, 
the reaction
O3 + hv -> 0(3P) + 0 2(3Sg') À,>310nm 2.26
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results in the Huggins band (310 to 370nm). The Chappuis band (400 to 750nm) 
consists of a continuous absorption feature with superimposed vibrational structure 
[B urkholder a n d  Talukdar, 1994]. The fourth band in the ultraviolet-visible region is the 
Wulf band, which extends from 750 to 980nm. The Hartley band is the strongest, with a 
maximum absorption cross section at 255nm of 10'17cm2. The Huggins band has a 
maximum absorption cross section of 10'19cm2, while the weaker Chappuis band has a 
cross section of the order of 10' cm . The Wulf bands are in contrast 5 orders of 
magnitude weaker than the Hartley band [B rasseur and Solom on , 1984]; [Anderson et 
a l., 1993]. Figure 2.6 shows the absorption cross section versus wavelength for the 4 
bands.
Ozone absorbs electromagnetic radiation in the infrared region by changes in the 
vibrational energy accompanied by a change in rotational energy. Ozone has 3 
fundamental vibrational modes, vi,the symmetric stretch mode (1103cm'1, 9.066pm), 
v3 the anti-symmetric stretch (1044cm'1, 9.597pm), and v2, the bending mode (700.8cm' 
\  14.27pm). The strongest band is the v3, the asymmetric stretch. In addition to the 
fundamental bands, several overtone and combination bands have sufficient strength to 
be important in the radiative balance of the atmosphere. The synthetic transmission 
spectra for the three fundamental bands at atmospheric temperature and pressure are 
shown in Figure 2.7. The P,Q and R bands are evident in the v3, and v2 bands, whereas 
the band structure of the symmetric stretch mode, vi is less well defined.
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Figure 2.6. The absorption cross section with wavelength for A. Hartley Band 200 to 310nm 
(blue)[Daumont et al., 1992 J, Huggins Band 310 to 370nm \Molina and Molina, 1986J; B. Huggins 
band expanded; C. Chappuis Band (400 to 750nm (green) [Burkholder and Talukdar, 1994] and 
Wulf Band 750 to 980nm (blue) [Anderson et a i ,  1993] |data for absorption cross-sections made 
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Figure 2.7. The transmission spectrum for the same number of molecules for the fundamental bands 
of ozone at atmospheric temperature and pressure. A. Vi, the symmetric stretch mode, 9.066pm, 
1103cm'1; B. V2 the bending mode, 14.27pm 700.8cm1 and C. v3, the anti-symmetric stretch, 
9.597pm 1044cm'1.
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2.6 Summary
In the ultraviolet and visible region of the spectrum the total optical depth of the 
atmosphere has substantial contributions from Rayleigh and aerosol scattering as well as 
molecular absorption. Molecular absorption arises mainly by changes in the electronic 
configuration of the molecule, and the spectral lineshape of the absorption feature is 
dominated by the intrinsic linewidth, with minimal influence from the temperature and 
pressure environment of the absorbing molecule. In the infrared region the total optical 
depth is dominated by molecular absorption. The line-shape of the absorption feature is 
a Voigt function, being a combination of Lorentzian lineshape resulting from pressure 
broadening and Gaussian line shape resulting from temperature influenced Doppler 
broadening. The lower state energy of the transition and the temperature environment of 
the absorbing molecule will determine the relative intensity of the transitions of the 
rotational spectrum.
As solar radiation passes through the atmosphere, radiation interacts with molecules in 
an environment where the temperature and pressure of the molecule varies with altitude, 
as discussed in Chapter 1, and illustrated in Figure 1.2. The resultant solar absorption 
spectrum, as observed from the ground, is a combination of the expected spectrum for 
each temperature and pressure regime. Therefore the accuracy of the retrieval of the total 
column amount of an atmospheric absorber from an infrared spectrum is dependent on 
the ability to accurately model the absorption transition with changes in temperature and 
pressure. Conversely the solar infrared spectrum potentially contains information on the 
vertical distribution of the absorber. In contrast, the ultraviolet and visible electronic 
spectrum will contain minimal information on the vertical distribution of the absorber,
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but because modeling the ultraviolet and visible spectra is expected to result in less 
error, the spectra will potentially return more accurate retrievals.
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3. In strum entation  and A nalysis Tools
The following chapter provides information and specifications on the hardware and 
software utilised in this work.
3.1 S o la r T ra c k e r
Figure 3.1 Photo of the solar tracker on the roof of 
the Chemistry Building. In the foreground is the 
tracker housing. Mirror I can be seen in the photo. 
Mirror II is hidden in the housing. In the 
background is Mirror III, situated above the hole 
into the laboratory below.
The solar tracker (Figure 3.1) was designed and built by Dr D. Griffith and P. Muller in
1995. The tracker incorporates a commercial clock driven telescope mount, which 
provides passive tracking of the sun, with active tracking achieved by a separate
feedback system.
The solar tracker consists of 6 flat mirrors and one parabolic mirror. Referring to Figure
3.2, mirror 1 (Ml) is mounted on the telescope mount, at an angle between the rotation 
axis and the horizontal equal to the latitude of Wollongong. The elevation can be 
adjusted from +2° to -20° to match the solar elevation. M l follows the sun, and directs a 
beam of light onto MU, a flat, 250mm-diameter mirror mounted on two motorised 
micrometer screws (Oriel Corporation Motor Mikes). These screws allow for active 
tracking, with an adjustment resolution of 0.05|iim. MR directs the beam to MOR, up to
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20m across the roof of the building. Min is a 250mm flat mirror mounted at 45° which 
directs the beam through a hole in the roof of the building, into the laboratory below, 
and onto a 45° 200mm x 200mm flat mirror. Mirror I and El can be seen in the photo in 
Figure 3.1. Mirror V is an off axis parabolic mirror, with a focal length of 300mm, 
which focuses the beam onto the entrance aperture of the Bomem FTIR spectrometer via 
Mirror VI (Figure 3.2B). A 5mm hole centered in MVI allows a small portion of the 
beam to fall on MVII and hence onto the quadrant photodiode detector. When the light 
beam is centered on the detector, the current from the four elements is in balance. As the 
light beam moves, a signal imbalance occurs. This signal is used as a negative feedback 
for mirror ME.
Between MET and MTV part of the edge of the solar beam is deflected to the Ocean 
Optics ultraviolet spectrometer optics, and part to the visible spectrometer optics (see 
Figure 3.2C).
The sections of the tracker located outside are housed in a weather-proof, corrosion 
resistant enclosure. Electronics located outside are kept to a minimum, and are housed 
in a waterproof enclosure. The tracker is manually started and shut down for each day 
of operation, with MI rotated to point to the sun, and the solar elevation adjusted. Once 
manually aligned to the quadrant detector, the tracker operates automatically for the day. 
The optical stand with MI and ME is moved manually twice a year to take advantage of 
“windows” through the trees on the University campus. Once the optical stand is 
relocated, MI and ME must be realigned to ME3. This is accomplished by way of 
adjustable mounts on the optical stand.
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Optical Configuration
SOLAR TRACKER 





Insert 1. Insert 2.
Figure 3.2 Optical configuration for solar tracker (for inserts see Figure 3.2A and B)
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Spectrometer _ ,Parabolic
Mirror, MV
Figure 3.2B Insert 1. Optical configuration for the interface from the solar tracker into the infrared 
spectrometer.
diffuse reflector filter 50cm lens shutter
Visible Spectrometer
\
diffuse reflector filter 25cm lens shutter
Figure 3.2C Insert 2. Optical configuration for the ultraviolet and visible spectrometer interface to 
solar tracker.
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3.2 Bom em  D A 8  F o u r ie r T ra n s fo rm  In fra re d  (F T IR ) Spectrom ete r
Figure 3.3 Bomem High resolution FTIR, with optical interface from 
solar tracker.
The Bomem DA8 is a Michelson spectrometer with a maximum 
optical path difference of 250cm, giving a 1/L resolution of 
0.004cm'1. Solar energy enters the spectrometer via the 
emission port. An off axis parabolic mirror, (focal length 318mm) produces an 8cm 
diameter beam in the interferometer. The beamsplitter is germanium film on a 10cm 
diameter KBr substrate. Dynamic alignment is achieved using a He-Ne reference laser, 
with the “fixed” mirror adjusted for any imperfection in travel of the moving mirror.
The recombined beam, following reflection from the fixed and moving mirrors, is 
focused in the sample compartment of the spectrometer. For the solar application a 
mercury cadmium telluride (MCT) and an indium antimonide (InSb) detector are 
installed. The detectors are software selectable. The original 1mm MCT detector was 
replaced with a 0.25mm detector in June 1998, to improve the signal to noise ratio in the 
spectra. An external aperture and filter wheel are located immediately before the solar 
beam enters the emission port of the spectrometer. The original adjustable aperture was 
replaced with a 1.5mm fixed aperture in 1997. Coaligned with the external aperture are 
two fixed internal apertures placed at the foci in the sample compartment (1 .0 mm in the 
MCT beam and 0 .8mm in the InSb beam). The filter wheel has 6  software selectable 
filter positions. The filters are those recommended by the NDSC (Network for Detection
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of Stratospheric Change). Operating condition, including filter, detectors and apertures 
are listed in Table 3.1. Spectra collected with filter NDSC# 6  and the MCT detector are 
analysed in this work.
The spectrometer is operated by the Bomem PCD A software from a personal computer. 
PCD A is interfaced to the Galactic software package, GRAMS. Spectra are collected on 
most predominantly cloud free days automatically by a GRAMS array basic program, 
SunRun, written in-house. Under standard operating conditions, spectra are collected 
sequentially using all 6 NDSC filters. Typically 4 scans are coadded at maximum 
resolution. The computer processor was updated in October 1998. Previous to this each 
spectrum, consisting of 4 coadded scans, required 20 minutes collection time, with a full 
cycle of 6 filters, including processing, taking approximately 120min to complete. The 






NDSC # 1 4016 - 4290 0.8 1.5 InSb
NDSC # 2 3000 - 3820 0.8 1.5 InSb
NDSC # 3 2420 - 3076 0.8 1.5 InSb
NDSC# 4 2020 - 2570 0.8 1.5 InSb
NDSC#5 1580-2150 0.8 1.5 InSb
NDSC # 6 700- 1350 1.0 1.5 MCT
Table 3.1 Filter specifications, detectors and nominal aperture size, external and internal, for the 
Bomem FTIR spectrometer
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Figure 3.4 Photos of the optical interface from the solar tracker to the ultraviolet spectrometer, 
showing the lens, aperture, filter and diffuse reflector block and fiber, and an expanded view of the 
optical fiber aligned to the diffuse reflector block.
The original optical design for the interface of the solar tracker and the Ocean optics 
spectrometers positioned the optical fibers directly in the solar beam. This resulted in 
high signal intensity, however, the mode interference generated by the mainly coherent 
solar light passing down the optical fibers, created stable interference fringes in the 
spectrum which were of sufficient intensity to mask the solar features of interest. 
Several options to minimise the interference were trialed, including coiling the fibre, 
vibrating the fibre, and disrupting the coherence of the incident light by diffuse 
reflection. The use of a diffuse reflector consisting of a doped Teflon (Spectralon 
supplied by Labsphere) proved the most efficient. The final optical configuration 
involved focusing solar energy onto a 25mm cube of Spectralon by way of a lens 
(visible beam: 25mm diameter focal length 100mm, quartz glass; ultraviolet beam: 
50mm diameter, focal length 200mm, quartz glass). This compensated for the loss of
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signal intensity resulting from the diffuse reflection. The Spectralon cube is aligned at 
45° to the incident solar beam and the optical fiber. A purpose built mount for the fiber 
has been designed so the optical fiber can be placed as close as possible to the 
Spectralon without the mount creating a shadow (Figure 3.4). The block is best 
positioned just before the focal point of the lens to reduce any residual specular 
reflectance. Figure 3.5 shows a spectrum collected in the visible region, with the optical 
fiber viewing the solar beam directly. Figure 3.6 shows a spectrum collected with the 
final optical configuration. A comparison of the two spectra highlights the mode 
interference. The final spectrum still has limited mode interference, which is difficult to 
see in Figure 3.4B. The level of residual interference is dependent on alignment of the 
optics.
The diagram in Figure 3.2C and photo in Figure 3.4 show the final configuration of the 
optical interface to the spectrometers. Computer controlled shutters (Melles Griot) in the 
front of the optical train allow for the collection of a dark spectrum, which gives a 
measure of the stray light entering the spectrometer. The lens is positioned immediately 
after the shutter followed by a filter, the diffuse reflector and the input for the optical 
fiber, with the diffuse reflector at 45° to both the optical fibre and the incoming beam. 
Finally the optical fibre inputs the light to the spectrometer. The spectrometers and 
shutters are controlled by SpectraSolve software (Lastek, Australia). Every 30 seconds a 
dark spectrum is collected on both spectrometers, the shutters are then opened, a sample 
spectrum is collected for the specified integration time, and the shutter closed again. The 
integration time for the two spectrometers can be set independently between 50ms and 
500ms. The dark current is subtracted from the spectrum as part of the logging software. 
Schott glass filters are used to decrease the interference from higher orders of shorter
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wavelengths. Several filters have been tested. In the visible region, long pass filters with 
cut off at 385nm (GG385;to December 1997), 455nm (GG455; December 1997 to 
January 1998) and 420nm (GG420; January 1998 to February 1999) were installed. In 
the ultraviolet region a filter covering the range 250 to 400nm (UG11) was used.
Figure 3.5 Single spectrum from visible spectrometer with optical fiber viewing solar beam directly
Wavelength nm.
Figure 3.6. Single spectrum from visible spectrometer with final optical interface in place.
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3.4 Ocean Optics Diode Array Spectrometers.
In the visible and ultraviolet region of the spectrum Ocean Optics SD1000 
spectrometers are used. The SD1000 spectrometer has a 1024 element array of Si CCD 
detectors. The ultraviolet detector is fitted with a quartz window, and the visible 
detector with a BK-7 window. The first 16 pixels of the array are blind, and provide an 
electronic zero reading. Light is input to the spectrometer by an optical fiber that acts as 
an entrance slit to the spectrometer. The ultraviolet spectrometer is equipped with a 
holographic blazed diffraction grating, (3600 lines per mm), and has a maximum 
wavelength range of 290nm to 350nm. The spectrometer has a theoretical full width at 
half maximum (FWHM) of 0.6nm when a 50pm optical fibre is installed. The practical 
FWHM was determined to be 0.7nm as determined by the Hg emission lines at 
302.065nm 313.108nm and 334.165nm. The visible spectrometer has a wavelength 
range of 400nm to 900nm, with a theoretical resolution of 2.5nm when a 50pm fibre is 
installed. The practical FWHM was measured to be 3.0nm, from Hg emission lines at 
404.69nm, 432.06nm, 546.36nm and 578.10nm. Wavelength calibration was carried out 
on a regular basis using the same Hg lines. The wavelength calibration was found to be 
stable to within 3 pixels (0.18nm in UV and 1.5nm in visible). Originally wavelength 
calibration was carried out monthly and later 6 monthly. With the input optical 
configuration used in this work it was not possible to use the same optical fibre for both 
the wavelength calibration and data collection without compromising the alignment of 
the input optics. Therefore the wavelength calibration did not take into account any 
wavelength error introduced by the optical fibre. In this work an absolute irradiance 
calibration of the CCD array is not required, only the relative radiance calibration 
between the array elements. The relative irradiance calibration was carried out using the 
Langley and ratio-Langley methods as will be described in Chapter 5.
Chapter 3 Page 89
3.5 HITRAN
HITRAN is a database of line-by-line compilation of molecular spectroscopic 
parameters originally designed for simulations and analysis of observations in the 
terrestrial atmosphere [Rothm an e t a l., 1998a]. The original HITRAN database, 
published in 1973 by AFCRL (Air Force Cambridge Research Laboratories), and 
containing spectroscopic parameters for 7 gases over the spectral range of 10 to 
10,000cm'1, has now grown to 38 gases and their isotopomers covering the spectral 
region 0 to 23,000cm'1. The database includes the wavenumber (cm 1), the line intensity 
(in cm' /(molecule-cm' )), the Lorentzian half width (cm' /atm), and the lower state 
energy (cm'1) of each transition. [Rothm an e t a l., 1998b].
The HITRAN line parameters are used for the infrared spectral analysis in this work. In 
particular, the ozone line parameters were updated in the 1996 based laboratory 
measurements recorded at Kitt Peak, USA, and University of Reims, France [Rothm an  
e t a l , 1998b]. The water vapour and oxygen line parameters from HITRAN have been 
used for the analysis of ultraviolet and visible spectra in this work.
3.6 PCTran
PCTran is a personal computer implementation of the AFGL LOWTRAN atmospheric 
model (Ontar Corporation). LOWTRAN calculates the radiance and/or transmission for 
a specified path through the atmosphere. LOWTRAN has a resolution of 20 cm'1 
(0.25nm at 350nm, 0.84nm at 650nm), but can be interpolated to 5 cm 1. The spectral 
region 0 to 50000 cm'1 is covered. The model divides the atmosphere into 33 layers,
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with pressure temperature and molecular and extinction coefficients defined for each 
layer, and includes effects for refraction and curvature of the earth.
The molecular absorption cross-sections for 0 3 for the ultraviolet region and visible 
regions have been taken from PCTran, and are based on those from M olina an d  M olin a , 
[1986]. A full description of the absorption cross-sections is given in Chapter 5.
3.7 MALT (Multiple Atmospheric Layer Transmission)
MALT (written by DG Griffith and adapted for use in this work) computes synthetic 
spectra, based on line-by-line spectroscopic parameters, such as HITRAN, and 
incorporating environmental (pressure, temperature, pathlength) and instrumental effects 
(resolution, lineshape, wavenumber shift). The following description follows that of 
G riffith , [1996].
From Chapter 2, each absorption line of each molecule contributes to the total optical 
depth of the sample at each wavenumber. For each absorption line k of each molecule i 
the contribution to the monochromatic optical depth t at wavenumber v is given by
x*(v) = c  *(v)-a, 3.1
where a*(v) (cm2molec1) is the absorption coefficient or cross section at v and a* 
(molecules cm' ) is the amount of component i, and is equal to the pathlength times the 
concentration of the component. The absorption coefficient is calculated from the 
integrated line strength by convolution with the lineshape function. As outlined in
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Chapter 2 , there are two main contributions to lineshape, Doppler and pressure 
broadening. The Lorentzian half-width at 1 atmosphere and its temperature dependence 
are tabulated for each absorption line in HITRAN. The Gaussian half-width is calculated 
from the temperature and molecular weight. The convolved line shape results in a Voigt 
profile.
The absorption coefficient a *(v) is the convolution of the integrated line strength and
the two lineshape contributions, from Chapter 2:
a ,*(v) = S f* ® [fL(v)]/ ® [f0 (v)L* 3 .2
where ® represents convolution and [fi,(v)] * and |Tg (v ) ]  * are defined in Equations 2 .2 9
and 2.33 respectively. The integrated line strengths of HITRAN are tabulated at 296K
and must be corrected for the temperature dependence of the population of the lower
state energy levels, and the small contribution from spontaneous emission according to
Equation 2.25
The monochromatic optical depth at frequency v for a single homogeneous layer is the 
sum of the T*(v) over all absorption of all molecules [G riffith, 1996]:
T(V) = 2  2 t,'V) 3.3
i k
For a perfect spectrometer with infinite resolution and no instrumental contribution to 
the line shape, the transmission spectrum is given by:
T  = — = exp- [t(v)] 3.4
^  o
where Io and I are the intensities before and after attenuation by the absorbing species, 
t(v) the molecular optical depth, and the absorbance A is given by
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A  =  -  log Z 3.5
In a perfect spectrometer the optical path difference is infinite and the optical beam is 
perfectly collimated. In a real spectrometer the optical path difference is finite, and the 
beam will undergo some divergence. The finite pathlength will result in a truncation of 
the interferogram and a boxcar apodisation, which results in a sine contribution to the 
instrument line shape. The finite input aperture, as a result of the beam divergence 
results in a sine weighting to the interferogram and a rectangular contribution to the 
lineshape. The width of the rectangular contribution is dependent on the divergence of 
the collimated beam in the interferometer. The width of rectangular divergence, or field- 
of-view (FOV) is given by [Griffith, 1996]
FOV = vq2 3.6
2
where a  is the divergence half angle and
a  = —  3 7
2/
where <|) is the diameter of the entrance aperture and f is the focal length of the 
collimator. The maximum acceptable divergence angle is determined by the resolution 
and the maximum frequency in the spectrum. For an optimally chosen aperture
VmaxOt — 1/L, 3.8
where L is the interferometer optical path difference, such that
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For an optimal aperture, the FOV results in a rectangular lineshape with a FWHM of 
0.5/L. This is compared with a boxcar apodisation of the interferogram, resulting in the 
convolution of a sine function with the lineshape, with a FWHM of 0.603/L.
If fi(v) represents the instrument lineshape, the measured spectrum is given by
T (v) = I(v) ® fi(v) 3 .1 0
The measured transmission spectrum is
I(v) ® fi(v)
T(v) = ---------------  3.11
Io(v) ® fi(v)
And the absorbance is given by
A(v) = -log T 3.12
In practice, MALT calculates the spectrum on a uniform wavenumber grid, with at least 
4 points per linewidth, with an output point spacing to match a reference spectrum. 
Instrument parameters of FOV, apodisation, resolution, wavenumber shift and noise are 
modelled [G riffith , 1996].
For solar spectroscopy, the atmosphere is divided into a series of layers that are assumed 
to be homogeneous. MALT allows for the input of concentration and pressure- 
temperature profiles with altitude, which specify the concentration of each absorbing 
species, and pressure and temperature for each layer. In this work the atmosphere was 
divided into 40 layers between ground and 100km, with a resolution of 1km from 
ground to 10km, 2km from 10 to 50km and 5km from 50km to 100km. The path length 
for each layer is calculated for the specified solar zenith angle, taking into account the
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curvature of the earth, but not taking the effects of refraction into account. For solar 
zenith angles less then 80° the error in the total airmass introduced by not including 
refraction is less then 1%.
The HITRAN line parameters are corrected for temperature as outlined in Chapter 2. 
The vibrational contributions to the partition functions are evaluated in a harmonic 
approximation and the rotational contributions taken as proportional to T for linear 
molecules and as T15 for non-linear molecules. The temperature dependence for the 
Lorentzian halfwidth is taken from HITRAN. The line positions and intensities form a 
stick spectrum of 5-functions, which is convolved with the Lorentzian and Gausssian 
lineshape to give the monochromatic optical depth, x(v). The monochromatic optical 
depth is calculated for each vertical layer, which are summed to give the total 
monochromatic optical depth. The optical depth for all absorbing species are summed, 
and the monochromatic transmission calculated as
T(v) = exp ( - t ( v ) )  3.13
Finally the monochromatic transmission spectrum is convolved with the instrument 
lineshape function and converted to the required y axis units, in this case transmittance, 
or absorbance.
3.8 Classic Least Squares (CLS)
A Classic Least Squares (CLS) analysis technique fits a region of the spectrum to be 
analysed as a linear combination of single component calibration spectra such that the 
square of the difference between the fitted and the true spectrum is minimised [G riffith ,
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1996]. Because all the information in the spectral fitting region is used, greater precision 
and lower detection limits are possible compared to using either only one or a few points 
[H a a la n d , 1990].
The CLS analysis is based on the Beer Lambert Law
Axi = Ka>xi Ca 3.14
where Ca is the concentration or amount of component a, K is the absorptivity 
coefficient for component a at wavelength and Axi is the absorbance at [H aaland, 
1990].
For a two component system, two equations will be required to solve for both 
components. Again using the Beer Lambert Law which states that absorbances of a 
multi-component system at the same wavelength are additive, allows a two component 
system, with non resolved spectral features to be described by the equations:
Axi = Ka, xi Ca. + Kb, xi Cb + Exi 3.15
Ax2 = Ka, X2 Ca. + Kb, X2 Cb + Ex2 3.16
Where Exi and Ex2 allow for the errors in the calculations or measurements, and are the 
residual errors between the least squares fit and the actual absorbances. This relationship 
can be extended to multiple components absorbing at multiple wavelengths using matrix 
notation:
A=CK + E 3.17
where bold type denotes matrix notation. The CLS analysis uses a set of calibration 
spectra where both A and C are known and a least squares determination of K, the
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calibration coefficients, is performed. For the prediction of the unknown spectrum, A, 
which is known and K, determined from the calibration, are used for the least squares 
determination of C. From Equation 3.17, the normal equations for the CLS 
determination can be written as
(A-C.K).K' = 0 3.18
where (') denotes the transpose of the matrix. The least squares determination of K 
during the calibration process involves solving Equation 3.18 for K, that is
K(C'.C) = A.C’
with the least squares solution, K, being given by
K = (C'.Cy’.C'.A 3.19
For a least squares determination of K to be possible, the number of spectra in the 
calibration set must be equal to or greater then the number of components.
Similarly in the prediction, where the calibration coefficients K are known, the least 
squares estimates for the concentration C, can be determined from
C.(K.K') = A.K' 3.20
with the least squares determination given by
C = A.K'.(K.K' ) 1 3.21
For the least squares determination of C to be possible, the number of spectrum points 
used in the CLS analysis must be equal to or greater then the number of components in 
the spectrum.
The fitted spectrum is the least squares estimate of the spectrum and is given by
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A = C.K 3.22
The “residual spectrum” is the mean variance between the measured and the fitted 
spectrum, and is given by
a 2 = (A-A).(A-A)' /(p-m) 3.23
where A the measured spectrum and A j s  the fitted spectrum, p is the number of spectral 
points used in the analysis and m is the number of components.
Classic Least Squares has the disadvantage that all components in the sample spectrum 
to be analysed must be calibrated for. If a component is not included, the predicted 
absorptivity coefficients will be incorrect. Any contribution to the spectral line feature 
that is not modelled correctly in the calibration spectra, including instrument line shape 
contribution, and any significant interaction between components, will also lead to error. 
For solar spectroscopy the interaction between trace gas species is negligible, and it has 
been assumed all absorbing species have been included in the calculation. Any 
absorbing components or spectral lineshape that have not been adequately modelled will 
be evident in the residual spectrum. Therefore the spectral residual will give an 
indication of the quality of the least squares fit of the calibration spectra to the sample 
spectrum, and hence an indication of the error in the analysis. The possible error 
resulting from the calibration spectra not adequately modeling the sample spectra will be 
addressed as part of the discussion of the analysis in Chapters 4 (infrared spectral 
analysis) and 5 (ultraviolet and visible spectral analysis).
The CLS procedure used in this work was written by DG Griffith.
Chapter 3 Page 98
3.9 Kfit
The program Kfit invokes the prediction procedure of CLS. Kfit was written by DG 
Griffith and adapted for use in this work. Kfit alternately invokes the CLS analysis and 
shifts the spectrum in wavenumber until a minimal residual is achieved. The CLS 
analysis returns the concentration of the absorber (molecules cm' ), with the results 
being for the solar zenith angle, that is the slant pathlength, at which the spectrum was 
collected. Kfit calculates the airmass factor for the slant pathlength and calculates the 
column amount of the absorber for a vertical column, that is for airmass factor 1. Kfit 
was written by DG Griffith and adapted for use in this work.
3.10 Overview
The solar tracker, positioned on the roof of the Chemistry building at the University of 
Wollongong, tracks the path of the sun directing a beam of solar energy into the Solar 
Laboratory, located in the building below, via the optics as described in Section 3.1. 
Inside the laboratory the beam is divided into three portions with one portion being 
directed into the high resolution Fourier transform infrared spectrometer, a second into a 
diode array spectrometer optimised for the ultraviolet region, and the third portion 
directed into a diode array spectrometer optimised for the visible region. Spectra are 
collected automatically on predominantly cloud free days, from sunrise to sunset where 
possible, and the spectra archived for later analysis. Infrared spectra are collected at 
0.004cm'1 resolution with a Bomem DA8 infrared Fourier transform spectrometer, 
equipped with a liquid nitrogen cooled mercury cadmium telluride (MCT) and indium 
antimonide (InSb) solid state detectors. Typically 4 scans are collected to increase the
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signal to noise, with a total scan time of 10 minutes. Each file has the time of the 
commencement of the first scan written to the file header. Ultraviolet and visible spectra 
are collected with two Ocean Optics 1024 diode array spectrometers, with resolution 
0.6nm and 2.5nm in the ultraviolet and visible region respectively. Spectra are collected 
every 30 seconds. Software controlled shutters allow for the collection of a dark count 
spectrum immediately prior to the collection of the spectrum. The spectra are archived 
for analysis at a later date. At the commencement of the collection each infrared 
spectrum, a barometer (Vaisala PTB100A) records the atmospheric pressure into the 
header of the infrared spectrum.
A classic least squares analysis technique is used to analyse the spectra from the three 
spectral regions. In the infrared region the program MALT is used to create the set of 
calibration spectra (usually 35 spectra) required by the CLS analysis. The calibration 
spectra model the real spectra as closely as possible, including all absorbing atmospheric 
species in the wavelength region of interest, including N20 , H20 , CH4 as well as 0 3, 
environmental effects and instrument parameters. MALT can also include straight base 
line slope, offset or baseline curvature as pseudo components in the spectra.
Atmospheric vertical distribution information for all absorbing species of interest, plus 
the vertical profile for the atmospheric temperature and pressure are supplied to the 
model as a  p r io r i profiles. Information from ozone sondes launched in Laverton 
Victoria is used to construct the ozone a p r io r i profiles. Standard profiles taken from the 
literature are used for all other a  p r io r i inputs. Details on the source of vertical profile 
information will be given in Chapter 4. The program Kfit invokes the CLS prediction to 
retrieve the total slant column amount of ozone from each individual solar spectrum.
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KF1T converts the slant column amount to total vertical column ozone using the time 
stamp in the header of the file to calculate the solar zenith angle at the time of the data 
collection.
In the ultraviolet and visible regions, PCtran, MALT and published line parameters are 
used to generate calibration spectra (usually 15), as will be outlined in Chapter 5. As the 
lineshape of spectral features in the ultraviolet and visible region are less sensitive to 
pressure and temperature changes, vertical profile information is not required. However, 
due to the scattering of light in the visible and ultraviolet region by molecules (Rayleigh 
scattering) and by aerosols, it is not possible to infer S0, the solar intensity the 
spectrometer would register without any intervening atmosphere, directly from the 
spectrum. Therefore S0 must be determined indirectly by “calibration” of the 
spectrometers. In this work the Langley and ratio-Langley method of calibration is used. 
The Langley and ratio-Langley methods allow for the extrapolation of intensity to zero 
airmass, and produce a time averaged absorption spectrum, which can then be analysed 
for total slant column ozone, and converted to total vertical column ozone. Details of the 
Langley and ratio Langley analysis are given in Chapter 5. The instrument’s calibration 
information can then be used to analyse the individual ultraviolet and visible spectra, as 
outlined in Chapter 5.
The residual spectrum generated during the CLS fitting procedure will demonstrate the 
quality of the fit. Any feature in the true spectrum, which is not well modelled in the 
predicted spectrum, will be evident in the residual spectrum (true spectrum - predicted 
spectrum). In the infrared spectra this lack of fit will have two main causes. In the
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MALT calculations an ideal spectrometer is assumed. Any misalignment of the optical 
system or non-ideal behavior of the electronic processing will distort the instrument line 
shape. Secondly, the pressure broadening of the absorption feature will be modelled 
according to the supplied vertical profile for the absorber. If this is incorrect, the 
lineshape will differ from that of the true line shape, and an error will be introduced into 
the CLS retrieval. Any atmospheric species absorbing in the spectral region either 
incorrectly modelled, or not included in the CLS routine will cause an error in the fit and 
will also be apparent in the residual. This is will be the main cause of error in the CLS 
fit of the ultraviolet and visible spectra.
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4 A nalysis o f  Solar Infrared Spectra.
The lineshape of the absorption features in an observed solar infrared spectrum is a 
convolution of the true lineshape and the instrumental lineshape. The accuracy with which 
atmospheric total column ozone can be retrieved from solar infrared spectra depends, in 
part, on how well the resultant lineshape can be modeled.
This chapter presents details on the technique employed to analyse the solar infrared 
spectra for total column ozone. Included will be the input parameters for the forward model 
for the analysis algorithm, plus the a  p r io r i assumptions made in the analysis and the 
sources of data for the a  p r io r i  assumptions. The chapter will also investigate and discuss 
the errors that are expected during the analysis.
4.1 Retrieval Algorithm
A multivariate linear least squares fitting routine has been employed to retrieve total 
column ozone from the solar infrared spectra. The analysis algorithm models the 
theoretical and instrument lineshape of the spectra as well as environmental parameters 
including changes in pressure and temperature with altitude and the atmospheric vertical 
distribution for all absorbing species in the wavelength region of interest. Details on the 
fitting routine plus details on HITRAN, MALT and KFIT used in the analysis algorithm 
have been given in Chapter 3.
4.2 Analysis Regions.
The HITRAN database contains data on 76 ozone transition bands and 168,881 lines 
[R othm an e t a l , 1992]. Of these only a limited number of absorption lines are suitable for
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analysis in this work. Suitable transitions were chosen for analysis by the following 
criteria:
• The line strength of the transition has minimal temperature dependence, as indicated by 
the lower state energy of the transition,
• the transitional probability is of sufficient strength to result in an absorption feature with 
suitable signal to noise ratio (snr),
• and the absorption feature is fully resolved from any other strong absorbing atmospheric 
species.
Two transitions in the infrared region have been chosen for analysis. Line 1 at 1162.914cm 
1 has lower state energy, E°, of 325cm’1, and a line strength of 3.29x10 22 cm V(molecule- 
cm'2). Line 2 at 1163.422 cm'1 has an E° value of 253cm'1 and a strength of 2.57x1 O'22 cm' 
V(molecule-cm'2). Both transitions are part of the V] fundamental vibrational band, with the 
line assignments [(v'-v")(J"-T)(Ka"-Ka')(Kc"-Kcf)] (4-1 )(23-22)(7-6)(17-16) for linel, and 
(4-l)(l6-15)(8-7)(8-9) for line 2 (HITRAN, Rothman e t a l ., 1998b)
As part of the analysis the classic least squares fitting routine (CLS) fits a “micro window” 
of the solar spectrum containing the absorption feature of interest. The micro window is 
chosen such that the window fully includes the absorption feature of interest, while 
minimising the number of interfering components, in particular any very intense absorption 
features. Region 1, with limits 1162.875cm'1 to 1162.952cm'1, includes the ozone 
absorption feature at 1162.914cm'1. Region 2, with limits 1163.382cm'1 to 1163.457cm'1, 
includes the ozone absorption line at 1163.422cm'1. Both regions include minor absorption 
features due to CH4, N2O and H2O. Figure 4.1 shows a typical portion of a solar infrared 
spectrum, plus an expanded view of the two analysis micro windows. Figure 4.2 shows the 
component synthetic spectra for the two regions.
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W avenum ber (c m 1)
Figure 4.1 (A). Analysis region and (B). an expanded view showing the microwindows.
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Figure 4.2 Synthetic spectra for the two analysis micro regions showing the atmospheric absorption 
spectrum (Red) plus the component spectra, 0 3 (black), N20  (green), H20  (blue) and CH4 (pink).
4 .3  a Priori  P r o f i l e s
As described in Chapter 2, the lineshape and relative intensities of the absorption features 
in the infrared region are influenced by both the pressure and temperature of the 
absorbing molecule, with the lineshape being dominated at high pressures by pressure 
broadening and at low pressures by Doppler broadening. Similarly, temperature will 
influence both the Doppler broadening and the relative intensities of the transition. As the 
temperature and pressure environment of any atmospheric components are determined by 
the altitude of that component, some prior knowledge of the change in temperature and 
pressure with altitude, as well as the vertical distribution of any absorbing species of 
interest is required as an input to the analysis forward model. This is supplied as a set of a 
p r io r i profiles, which describe all prior knowledge of the system before any measurement 
is made [Rodgers, 1997]. A p r io r i profiles are required for the
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temperature and pressure vertical distribution, and for the vertical distribution for any 
absorbing atmospheric components in the analysis. The CLS fitting routine used to 
retrieve total column ozone scales the a  p r io r i  ozone profile provided to the model. If 
the profile does not adequately model the true ozone vertical distribution, or if the 
supplied temperature-pressure regime of the atmospheric molecules is in error, the 
retrieval will be in error. Ideally, the data used to construct the a  p r io r i  profiles are 
collected from the same or a nearby site, preferably on the day the infrared data are 
collected. This can be impractical and, in the case of the ozone a  p r io r i  profile, makes 
the collection of the infrared data redundant. The aim of this work, as outlined in 
Chapter 1, is to use monthly averaged data collected at a remote site to model the 
atmosphere above the measurement site.
4.3.1 Ozone a P r io r i Profile
As explained in Chapter 1, ozone data from sondes launched from Laverton, Victoria 
have been chosen as the most appropriate source of information on the vertical 
distribution of ozone over the measurement site. With 3.5° difference in latitude 
between Wollongong and Laverton the atmospheric ozone distribution above 
Wollongong can be quite different to that above Laverton. A llen  a n d  R eck, [1997] 
showed the natural variability of ozone varies markedly with both latitude and the time 
of the year. At 35° south (latitude band of Wollongong) the daily variation is expected 
to range from 6DU in the summer to 18DU in the winter, while the variability at 40°S 
ranges from 10DU in summer to 23DU in winter. A comparison of the daily total 
column ozone, as taken from TOMS ADEOS and Earth Probe satellites, for 
Wollongong, Melbourne and Brisbane is presented in Figure 4.3. The annual cycle, with
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maximum ozone levels in the winter and minimum in the summer is clearly evident, as 
is the increase in levels of ozone with latitude. In 1998 the average total column ozone 
from the TOMS data for Melbourne was 285DU in summer (December to February) and 
331DU in winter (June to August) compared with 280 and 321DU respectively for 
Wollongong, and 270DU and 290DU for Brisbane. This gives average winter ozone 
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Figure 4.3 Ozone values for Melbourne (lower pane) and Brisbane (top pane) and 
Wollongong (middle pane) taken from TOMS satellite Instrument for the period 1 
January 1996 to 30 September 1999.
average of 5DU higher in summer.
Monthly mean a priori profiles from ground level to 30km have been constructed from 
data from ozone sondes launched between 1990 and 1995 from Laverton. Data are 
limited to the 1990’s to minimise any impact of mid latitude ozone depletion on the
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averaged vertical distribution. From 1990 the frequency of sondes increased to generally 
one per week, although in 1993 flights were more sporadic. For each month of the year a 
“monthly averaged profile” has been produced by binning the ozone sonde data for the 
respective month from each year into suitable atmospheric layers and averaging the 
binned data. Data from a total of 160 ozone sonde flights have been used to construct 
the 12 monthly averaged profiles. The profile is blended to the standard mid-latitude 
profile above 30km [Anderson et al., 1986; Kruger and Minzner, 1976] to give a final 
profile consisting of 40 layers from altitude 0 to 100km, with a resolution of 1km from 0 
to 10km, 2km from 10 to 50km and 5km from 50 to 100km. The resultant profiles are 
shown in Figure 4.4. Analysis of the error resulting from using the Laverton monthly 
averaged ozone profiles will be presented in Section 4.5.
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4.3.2 Temperature-Pressure a P rio ri Profiles
Monthly averaged temperature a priori profiles have been constructed from pressure 
and temperature data from radiosondes launched from Mascot airport, Sydney, during 
1997. Radiosondes are launched daily at 04:00 hours and 19:00 hours (EST) and reach a 
maximum height of 28km. As with the ozone sonde data, data have been binned for the 
respective month and blended with the 1976 US standard temperature profile [Anderson 
et al., 1986] above 28km. The profiles have been constructed to give a 40 layer profile 
with the same altitude and resolution as that of the ozone profile. Mascot is 
approximately 80km north of the measurement site and the temperature pressure profile 
is expected to be similar to that of the measurement site. Figure 4.5 shows the monthly 
averaged temperature a priori profiles constructed from the 1997 Mascot data. From the 
expanded plot in Figure 4.5, the expected range in temperatures in the 14 to 26km 
region, the altitude of the ozone maximum, is 200K to 220K. Analysis of the error 
resulting from using monthly averaged temperature profiles will be presented in Section 
4.6. The error introduced by the averaged Mascot data in this work is minimised by 
using transitions with minimum temperature sensitivity.
Chapter 4 Page 111
7







200 220 240 260 280 300
Temperature (K)
Figure4.5 Monthly averaged temperature profiles constructed from data from radio sondes 
launched from Mascot Airport, Sydney during 1997, from 0 to 100km and the expanded region 0 to 
30km. From the expanded plot, the temperature range is between 200 to 220K.
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4.4 Analysis Technique
Several sources of error have been identified in the analysis, with the major source 
expected to be due to the use of incorrect ozone a priori profile. In contrast, because 
temperature insensitive transitions have been chosen for analysis, the use of monthly 
averaged temperature profiles is expected to have minimum impact. Notholt and 
Schrems (1995) reported errors due to incorrect ozone a priori profiles of up to 8 to 9%, 
as estimated by the best guess profile and the same profile shifted by 2km in the vertical. 
This compared with only a 2% error due to incorrect PT profiles, where daily radiosonde 
data were used. Similarly Paton-Walsh et al (1997) reported an introduced error of 
between 2.5 to 6.4% due to using incorrect first guess profile when retrieving total 
column amounts of HC1, HF, N2O, and HNO3. This compared with a 1.1 to 2.7% error 
due to a 3K shift in temperature profile, and a 1 to 3% error due to random noise 
[Pougatchev et a l 1995].
To determine the magnitude of the errors that may be introduced, error analysis is 
carried out in two forms. Initially, sensitivity analysis is carried out by retrieving total 
column ozone from calculated test, or “synthetic” spectra, where all aspects of the 
spectrum to be analysed are well understood, including the true total column ozone.
Each input parameter is varied in a controlled manner, and the sensitivity of the analysis 
to the parameter determined from the introduced error.
To determine how well the synthetic spectra model real spectra, a subset of real spectra 
is analysed. One parameter of the calibration spectra is varied and the change in
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retrieval from the real spectra calculated. The error analysis results from the real spectra 
can than be compared with that of the synthetic spectra.
4.5 Averaging Kernel Analysis
The sensitivity of the retrieval algorithm to perturbations in an a  p r io r i  profile can be 
demonstrated by the averaging kernel. An averaging kernel characterises the sensitivity 
of the retrieval to variations in the actual state. In this case, for example, the impact of 
the choice of a  p r io r i  vertical distribution of ozone can be evaluated. The concept of 
averaging kernels is explained fully in [R odgers, 1997], and a brief mathematical 
description is given below.
4.5.1 Averaging Kernel Theory
For any set of unknown parameters that are to be retrieved, for example the vertical 
temperature or concentration profile, there is a set of corresponding measurements. The 
set of unknown parameters is known as the state vector, x, and the corresponding set of 
measurements is known as the measurement vector, y . Briefly any measurement vector, 
y, is formally a function of the state vector x, such that
y = f ( x , b )  +  e  4.1
where the measurement vector y  has length m, and the state vector, x, has length n. The 
forward function,/, describes the physics of the measurement, while b is a set of 
parameters of the forward function, which are taken to be known, and e is a random 
measurement error with covariance Se.
Similarly an estimate of the unknown state, the retrieval state, x is defined by the
function
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x =  R (y , b ,xa, c, b ') 4.2
/V
where R is the retrieval method, b is our estimate of the forward function fixed 
parameters b, c represents any parameters used in the inverse method that do not affect 
the measurement, b ' represents any parameters that may be important to, but are 
ignored by the forward function, and xa is the a  p r io r i  state estimate.
The forward function/is approximated by the forward model F  such that
/ (x, b, b ') = F (x , b) + A f  (x, b, b ') 4.3
with the forward model containing all the physics of the measurement, including the 
instrument characteristics. By substituting 4.3 in 4.2 the retrieval vector can be written 
as
x = R (F (x ,b ) + A f  (x ,b ,b )  +  s , b , xa,c) 4.4
For error analysis the forward model F is now linearised about the a  p r io r i  reference 
state x  =  xa
^  in  o  771
x = R(F(xa, b ) +  —  (X - X a ) +  —  (b-b0 + Af(x,b,b) + e, b.x^c) 
ox db 4.5
d Fwhere the bar indicates matrix notation. The matrix K x = ----  is the sensitivity of the
dx
forward model to the state, whose rows are commonly called the weighting functions,
dF
and the matrix K b = —- is the sensitivity of the forward model to the forward model
ob
parameters. If the retrieval method R is now linearised with respect to its first argument 
y  then
* « OR «
X = R ( F  (xa, b ) , b  ,x) + —  ( K x (x-xa) +  K b ( b - b )  +  A f{x ,b ,b  )  + e) 4.6
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dRThe matrix —  = Dy is the sensitivity of the retrieval to the measurement, the 
dy
contribution function matrix. Making the substitution and separating the equation into 
components
A  /V
X - x a =  R ( F ( x a, b ) ,  b ,x a,c ) - xa 
+A (x-xa)






A = Dy K x = dx
dx
4.8
is the a vera g in g  kern el m atrix . The averaging kernel characterises the sensitivity of the 
retrieval to the actual state, with the averaging kernel analysis giving the error that will 
result in the retrieved state, x , for a change in the actual state x. When d x  equals dx the 
averaging kernel will equal 1, and there is no error introduced into the retrieval by the 
change in the actual state. The bias is the error that results when simulating an error free 
retrieval of the a  p r io r i , and sy is the total error in the measurement relative to the 
forward model.
4.5.2 Results of the Averaging Kernel Analysis
Averaging kernel analysis has been used to assess the sensitivity of the analysis 
technique to retrieve changes in ozone from these spectral intervals, or micro windows, 
of the infrared spectra. The averaging kernel for the a  p r io r i  ozone vertical distribution 
has been calculated by adding 1% of the total column ozone into one layer of the April 
ozone a  p r io r i  profile, x, and then creating a synthetic spectrum with this perturbed 
profile. Total column ozone is retrieved, ie to give x , using calibration spectra created
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with the unperturbed spectrum. This process is repeated for each layer of the profile, and 
the averaging kernel calculated by comparing the change in the retrieved column 
amount, d  x , with change in the true retrieval, dx. In this way the sensitivity of the 
retrieval to changes in the vertical distribution at various altitudes can be assessed. The 
averaging kernel in Figure 4.7, shows the change in the retrieval, d x , compared with the 
change in the true amount, dx, against altitude. A retrieval algorithm will return a correct 
result only when the averaging kernel is equal to one. From Figure 4.7, the averaging 
kernel is equal to one only at approximately 27km. At altitudes above this, a positive 
perturbation in ozone will result in an overestimate of the true column amount, 
introducing a positive error in the retrieval. At lower altitudes the positive perturbation 
will result in an underestimate of the true column amount, and a negative error is 
introduced.
The quality of the fit of the calibration spectra to the real spectrum will be indicated by 
the shape and magnitude of the spectral rms residual, which can therefore give an 
estimate of the error in the retrieval. Figure 4.8 shows the magnitude of the spectral 
residual resulting from the perturbation of each layer of the profile. The profile layer 
representing ground level has not been perturbed, the correct total column ozone will be 
retrieved and the residual will be the minimum that can be expected. Referring to 
Figures 4.7 and 4.8, the averaging kernel shows that, for these two micro windows, the 
retrieval algorithm is insensitive to a change in the amount of ozone in the tropospheric 
layers. A 1% increase in the total column ozone in the troposphere is not detected, and a 
1% error in the retrieval results. For the lower troposphere a 1% error in retrieval does 
not result in any increase in the rms residual. The rms residual has not given any
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indication that the retrieval is in error. At 27km, where the averaging kernel returns a 
value of 1, the correct perturbed total column ozone is returned, and the rms residual is a 
minimum as expected. The maximum ozone partial pressure of the April profile occurs at 
27km. At altitudes close to the ozone maximum, the error in retrieval increases with 
increasing distance from the ozone maximum. At these altitudes the error is reflected in a 
corresponding increase in the rms residual. Figure 4.9 shows the rms residual resulting 
from fitting a) an unperturbed synthetic spectrum, and for perturbations at b) 10km, c) 
22km, d) 30km, and e) 40km. The residual in c, d and e indicates the calibration spectra 
have not modelled the sample spectrum correctly, and that there has been an error 
returned in the analysis. In b, where tropospheric ozone has been perturbed, neither the 
shape nor the magnitude of the residual gives any indication of the 1% error in the 
retrieval.
retrieved amount and x is the true amount.
Figure 4.8 Resulting residual for 1% perturbation of consecutive layer of April monthly averaged 
Laverton profde.
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Figure 4.9 Residual from fit of spectrum created with profile perturbed by 1% of the total column 
ozone at (B). 10km (residual 0.00806), (C). 22km (residual 0.0184), (D ). 30km (residual 0.0636) 
and (E). 40km (residual 0.0474).
The averaging kernel analysis has shown that the retrieval will respond well to differences 
in the calibration and real ozone vertical profile around the ozone maximum of the profile, 
returning the correct total column retrieval. A difference between the a p r io r i profile and 
the true profile just below and above the ozone maximum will result in an error, but the 
magnitude of the spectral residual will give an indication that this error has occurred. 
Polar atmospheric ozone depletion is believed to occur predominantly between 15 and 
25km [Harris et al., 1997], the altitude region where the
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majority of atmospheric ozone is located, with midlatitude depletion occurring in the 
lower stratosphere just below the ozone maximum. The above averaging kernel 
calculations indicate that the analysis is sensitive to changes in atmospheric ozone in 
this region, and any change in atmospheric ozone around the ozone maximum should be 
accurately detected. However changes in tropospheric or upper atmospheric ozone will 
not be detected when the spectral intervals of the solar infrared spectra from this work 
are analysed. Due to pressure broadening, as demonstrated in Figure 2.4, an increase in 
absorption due to tropospheric ozone will spread across the broad wings of the 
absorption feature, making very little impact on an absorption line. The spectral 
intervals in this work were chosen to include an ozone transition with minimum 
temperature dependence, so that monthly averaged pressure-temperature profiles from a 
remote site could be used, and with a line strength so that the Beer-Lambert law would 
be obeyed. Pougatchev e t  à i  [1995, 1996] analysed a series of spectra in the spectral 
interval 1002.567 to 1003.203 cm"1. The interval includes several ozone transitions with 
varying temperature dependence, as well as the broad wings of a nearby intense ozone 
transition. Daily pressure-temperature profiles were obtained from data for the same 
site, removing the need for temperature insensitive transitions. The inclusion of the 
wings of the intense transmission increased the tropospheric contribution to the ozone 
absorption to 50% or more, markedly increasing the sensitivity to tropospheric ozone.
By comparison with ozone sondes launched from the same site, Pougatchev e t a l  (1996) 
showed that the infrared retrievals from this spectral region reproduce the natural 
variation in tropospheric ozone (0.37 to 12km) with a bias in the infrared retrieval o f -  
6.9±5% and a standard deviation of 17% when compared with the ozone sonde data.
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4.6 Monthly Averaged Ozone a Priori Profile
The following section examines how well the ozone monthly averaged Laverton vertical 
profiles model the daily Wollongong ozone vertical profile, and estimates any possible 
errors that may be introduced. Referring to Figure 4.3 the major variability in the 
monthly profiles is the height of the ozone maxima, which varies between 22 and 29km 
in February and September respectively. The averaging kernel analysis has demonstrated 
that a difference in height of the true ozone profile and the a p r io r i profile can result in 
an error in the retrieval.
4.6.1 Analysis of Synthetic Spectra
To estimate the error arising from using a monthly averaged ozone a p r io r i  profile, a 
synthetic spectrum was created with the June monthly averaged Laverton ozone profile, 
standard mid latitude atmospheric profiles for H2O [Anderson e t a l ,  1986] N2O, CH4 
[Gunson e t al., 1990], and the 1976 US standard temperature and pressure profile 
[Anderson e t a l ,  1986]. The spectrum was analysed with the 12 ozone monthly 
averaged profiles as a p r io r i profiles for the calibration spectra, and with all other a  
p r io r i profiles as for the synthetic spectrum. The correct retrieval for the spectrum is 
305DU, as determined by analysis with the June ozone a p r io r i profile. The total 
column ozone retrieved from the analysis with all 12 Laverton ozone profiles and the 
error in the retrieval (true total column amount - retrieved column amount) is shown in 
Figure 4.10. The range in retrieval using the 12 profiles was 53DU (February compared 
with August retrieval) or 17% of the true value. The error compared to the true retrieval, 
ranged from -4.4 to +13.0%, with the maximum error resulting from total column ozone 
being retrieved from the spectrum, created with the June profile, using the February
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calibration spectra. Again referring to Figure 4.10 and Table 4.1, the maximum 
difference in retrieval resulting from using adjacent month’s profile was 5.7%. This 
suggests the error created using monthly averaged profiles could be as high as 6% for 
times of rapidly changing ozone vertical distribution. The use of a single averaged 
vertical profile could introduce errors of up 17%. The difference in retrievals from 
consecutive month’s profiles suggests that the greatest rate of changes in the ozone 














Figure 4.10. Total column ozone retrieval for synthetic spectra created with June Laverton ozone 
profile and analysed using all 12 Laverton monthly averaged ozone profiles (blue) and resulting % 
error in retrieval (red).
Mon Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec
ozone
(DU)





13.0 11.3 10.0 5.7 0 -2.1 -4.4 -0.04 2.75 6.9 6.2
Table 4.1 Averaged retrieval and error resulting from retrieving total column ozone from synthetic 
spectra using June ozone profile.
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4.6.2 Analysis of Real Spectra
A subset of spectra collected between April and June 1997 at Wollongong have been 
analysed with the 12 monthly averaged Laverton ozone calibration spectra. A total of 76 
spectra are analysed, 11 spectra over 4 days in March, 19 spectra over 8 days in April,
28 spectra over 8 days in May plus 18 spectra collected in one day on 30th May 1997. 
Spectra were restricted to solar zenith angles less than 70° and signal to noise ratio (snr) 
greater than 600, to remove any possible bias due to solar zenith angle or low signal to 
noise from the comparison. The retrieved total column ozone was compared with the 
grided total column ozone retrieved by TOMS for the same day for the Wollongong 
region. The quality of fit to the spectrum was determined both by the rms value of the 
spectral residuals, and qualitatively by the shape of the residuals.
Only region 2 (1163.38-1163.49cm'1) was considered as the absorption transition of 
ozone at 1163.422cm'1 has a lower state energy (E°) of 254cm'1, and therefore will have 
the minimal temperature dependence (see Chapter 2). Table 4.2 gives the monthly 
average of the IR/TOMS ratio for the three months retrieved using the 12 monthly 
averaged Laverton profiles as a priori profiles, plus standard deviation expressed as a 
percentage of the averaged retrieval, along with the rms spectral residuals. The 
difference in retrieval for the 12 profiles was 19%, compared with 17% for the synthetic 
spectra. The difference in the results of retrievals using adjacent month's profile varied 
from less than 1% up to 6%, comparable to that expected from the synthetic spectral 
analysis.
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A Profile Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.March
Average 0.91 0.88 0.89 0.91 0.96 1.02 1.02 1.06 1.00 0.98 0.94 0.94
%Stdev 3.44 3.39 3.50 3.55 3.54 3.57 3.49 3.60 3.51 3.43 3.45 3.49April
Average 0.90 0.87 0.89 0.91 0.95 1.02 1.02 1.06 1.00 0.97 0.94 0.94
%Stdev 2.83 2.86 2.98 2.95 2.93 2.91 3.00 2.92 3.03 2.90 2.92 2.78May
Average 0.82 0.79 0.81 0.82 0.86 0.92 0.93 0.96 0.91 0.88 0.85 0.86
%Stdev 3.07 3.18 3.12 3.12 3.19 2.93 3.06 3.08 3.10 3.16 3.13 3.00
B Profile Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.
March
Average 0.352 0.377 0.342 0.339 0.334 0.378 0.355 0.390 0.353 0.331 0.329 0.328
%Stdev 16.57 16.64 15.00 14.13 16.48 14.26 16.07 15.07 16.16 15.49 15.64 13.93
April
Average 0.373 0.404 0.341 0.337 0.306 0.319 0.305 0.327 0.304 0.300 0.315 0.323
%Stdev 15.41 15.55 13.67 13.71 10.68 10.91 9.70 11.00 9.01 11.11 13.18 11.29
May
Average 0.483 0.521 0.434 0.421 0.332 0.298 0.308 0.299 0.298 0.327 0.375 0.379
%Stdev 14.18 14.73 14.19 13.98 10.67 10.22 10.23 12.57 11.11 11.65 12.85 12.02
Table 4.2 Averaged total column ozone for the month of March April and May retrieved using the 
12 total Laverton averaged monthly ozone a priori profiles, and B. the resulting monthly averaged 
rms of the spectral fitted residuals.
Figure 4.11 Averaged residual for March - blue, April - red, May -  green retrieved using 12 
Laverton monthly averaged ozone a priori profiles, and the corresponding total column ozone 
retrieved compared to TOMS retrieval (dashed).
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Figure 4.11 show the average rms residual for the 3 months of data retrieved using all 12 
ozone profiles. Overlaid with the rms residual is the retrieved ozone, as a ratio to TOMS 
retrieval, using the 12 ozone profiles. From this it is clear that the lowest residual does 
not necessarily result from the analysis using the corresponding month’s Laverton 
profile with the most obvious discrepancy being for the averaged residuals resulting 
from the analysis of the 18 spectra collected on the 30 of May. The analysis using the 
June, July or September ozone profiles resulted in similar averaged residuals (0.0298, 
0.0299 and 0.0298), compared to the May analysis (0.0332). June July and September 
also returned similar averaged infrared to TOMS retrieval ratios (0.92, 0.93 and 0.91). 
Referring again to Figure 4.3, a comparison of the May and August ozone profiles, 
shows the maximum of the May profile is approximately 3km higher than the August 
maximum. This indicates that the ozone maximum over the measurement site is at a 
lower altitude than the maximum over Laverton. The difference in the tropopause height 
at the two sites is expected to be approximately 1km, which will account for part of the 
difference. However, the forward model for the analysis does not take into account the 
instrumental lineshape. A broader instrumental line shape will be interpreted as pressure 
broadening, and will result in an apparent downward vertical shift of the ozone profile, 
as seen here [N otholt a n d  Sch rem s, 1995]. As the instrumental lineshape has not been 
modelled, it is difficult to distinguish between a true downward shift in the vertical 
ozone profile and an apparent downward shift resulting from a broadened instrumental 
line-shape.
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4.7 Shifted a P rio ri Profile
Assuming the instrument lineshape is correct, and the above difference is due to changes 
in the height of the ozone maximum at the two sites, a method is required to vertically 
shift the ozone profiles. Toon e t a l , [1992; N oth o lt e t a l., 1997] shifted a p r io r i profiles 
in the vertical according to the equation
V(z) = Vref [zt + (z-zt) (1 + DOS)] 4.11
where DOS is defined as the “degree of subsidence”, (z is the altitude and zt is the 
tropopause height) to model the subsidence of atmospheric air parcels at higher 
latitudes, in particular in moving from outside to inside the polar vortex. The 
relationship in equation 4.11 maintains a constant tropopause at 10km, but does not 
constrain the higher altitudes. This is acceptable when only subsidence in the ozone 
profile is required, however for upward shifts of 2km or more equation 4.11 results in 
the profile becoming unreasonably distorted, with large increases in ozone in the higher 
layers of the profile. In this work a similar technique to that of Toon e t a l has been 
employed, however the maximum of the profile has been shifted in the vertical 
according to the relationship
Z' = Z +
Where Z' is the shifted altitude,
Z is the preshifted altitude,
m is the altitude of the ozone maximum of the profile, 
p is either the tropopause or stratopause height depending whether Z is 
less than or greater than the ozone maximum,
1 - (Z -  m)
( P  -  m ) _
4.12
and S is the shift factor.
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With this relationship the profile is constrained at both the tropopause and stratopause 
(taken as 65km), and the maximum of the ozone profile shifted between the two. 
Comparisons of retrievals with profiles shifted by this method and that by Toon et a l 
showed little difference in the retrievals (<1%) for shifts up to 2km. Figure 4.12 shows a 
comparison of the profile shifted by 2.5km at 25km both upwards and downwards in the 
vertical using the two methods.
Figure 4.12 A. Ozone profile shifted by S black 0 shift, red shift -2.5km@25km, green 
+2.5km@25km;
B. Volume mixing ratio ozone by shift S black 0 shift, red shift -2.5km@25km, green 
+2.5km@25km;
C .Ozone profile shifted by DOS factor black 0 shift, red shift -2.5km@25km, green +2.5km@25km; 
D. Volume mixing ratio shifted by DOS factor black 0 shift, red shift -2.5km@25km, green 
+2.5km@25km.
How this vertical shift in the profile affects the retrieval will be determined in the 
following sections by analysing synthetic spectra with the profile shifted vertically to 
varying extents compared to the calibration profile, and by analysing real spectra using 
calibration spectra created with shifted vertical profiles.
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4.7.1 Analysis of Synthetic Spectra
Using the Laverton monthly averaged ozone profile for April, 19 modified profiles were 
produced by shifting the original profile in altitude according to Equation 4.12, with 
values of shift S between -3 and +3km. Synthetic spectra, created using the shifted April 
profiles, were analysed for total column ozone using the original April ozone profile as 
the a  p r io r i  profile, and the results compared with the true total column ozone. Synthetic 
spectra were created using the standard atmospheric profiles for all other interfering 
components, the Mascot averaged monthly temperature profile for April, and without 
noise added. Both spectral regions were analysed. Figure 4.13A shows the retrieval 
with Figure 4.13B showing the resulting error with shift factor. Figure 4.13C shows the 
resulting rms spectral residual from the fit with changing shift factor. An error of 3-4% 
per km shift results from analysing the synthetic spectrum with an a p r io r i ozone profile 
shifted in the vertical. The resulting rms spectral residual for a 1km shift at 25km in the 
a  p r io r i  profile compared to the true profile for an ideal spectrum with zero noise is 
0.0016. The fit from the retrieval for a -1km shift is shown in Figure 4.14. The resulting 
rms residual in Figure 4.14 is quite distinct for an ideal spectrum, however in a real 
spectrum can be masked by noise.









Figure 4.13 A. Retrieval;
B. Error in retrieval due to shift in real profile compared with calibration profile;
C. Residual resulting from varying shift of actual profile compared with calibration, 
purple: region 1. (1162.875 to 1162.952cm'1); blue: region 2 (1163.382 to 1163.457cm'1).
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Figure 4.14 Synthetic spectrum produced with ozone profile shifted in the vertical byl km, showing 
fit and resulting rms residual of 0.0016 when fitted with standard profile.
4.8 Ana lys is o f  Real Spectra
To estimate the difference introduced in retrieving total column ozone from real spectra 
using a shifted profile, total column ozone was retrieved from solar spectra collected 
during April 1997 (snr greater than 600 and solar zenith angle less than 70°) using the 
above shifted profiles, for both spectral regions, with 18 spectra being analysed. For 
each profile, the total column ozone and the residual for the 18 spectra was averaged. 
Figure 4.15 shows the change in averaged total column ozone for change in the shift of 
the ozone profile of the calibration spectrum, Figure 4.16 shows the same for the 
averaged rms residual. A 1km shift @ 25km in the real profile will result in a change in 
retrieval of approximately 4%. This compares well with a 3-4% error in retrieval for a 
similar 1km shift for ideal synthetic spectra (Figure 4.13). The shift in profile that best 
models the true spectrum will be indicated by the lowest residual. However, as shown in 
Figure 4.14 and 4.15, in real spectra the minimum may be difficult to discern due to 
noise, with the residual from shifts in profiles of 1 to 2km being dominated by noise.
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Shift, S
Figure 4.15. Averaged Total Column Retrievals for April 1997 spectra fitted with calibration 
spectra calculated with shifted profiles purple: region 1. (1162.875 to 1162.952cm'1), blue: region 2 
(1163.382 to 1163.457cm 1).
Shift, S
Figure 4.16. Averaged Residuals for April 1997 spectra fitted with calibration spectra calculated 
with shifted profiles purple: region 1. (1162.875 to 1162.952cm *), blue: region 2 (1163.382 to 
1163.457cm1).
Chapter 4 Page 131
4.9 Temperature Pressure a P riori Error Analysis
As described above monthly averaged pressure temperature a p r io r i profiles were 
produced using radiosonde data from Mascot, Sydney. To estimate the error that can 
result from using a monthly averaged temperature profile compared with a same day 
profile, total column ozone has been retrieved from spectra using both the corresponding 
day’s temperature profile and the monthly averaged temperature profile. Six days in 
April, 1997 (7th, 16th, 17th, 22nd, 28th and 30th) were chosen as representing extreme 
minimum and maximum daily temperature expected for the month of April in 1997. The 
daily temperature profile for the 7th, 28th and 30th are shown in Figure 4.17. The April 
average profile and the US standard temperature profile (USSTP) are included for 
comparison. The absorption transition at 1162.914cm'1 was analysed as it displays the 
greater temperature sensitivity with a lower state energy of 325cm'1.
In choosing April for the error analysis it is assumed the daily temperature distribution 
in April is representative of the remaining months. The minimum and maximum 
temperatures at 20km for each month are shown in Table 4.3. April has the maximum 
temperature range at 20km of 18°, with September having the minimum temperature 
range of 9°.
The results from the error analysis are given in Table 4.4 where the error resulting from 
retrieving total column ozone using the monthly averaged temperature profile, compared 
to the same day profile is given. The maximum error of 2.75% resulted from the 
retrieval of spectra collected on 9 and 18 April. Table 4.4 also gives the difference in 
retrieval for 20 spectra collected over 9 days with the temperature profile from April 7
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compared with the monthly averaged profile. The temperature recorded by the 
radiosonde on the 7th April was unusually high compared with the averaged temperature. 
The retrieval with the averaged temperature profile compared with the April 7 profile 
resulted in a difference of up to 3.4% in retrieved ozone.
Figure 4.17 Maximum, minimum and average temperature profile for April 1997.
Temp Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
Min
K
202 199 201 205 204 207 205 205 209 207 203 202
Max
K
215 212 212 223 215 218 217 221 218 218 215 214
Rang
eK
13 13 16 18 11 11 12 16 9 11 12 12
Table 4.3 Minimum and maximum temperature at 20km for each month taken from radio sonde 
data launched from Mascot in 1997.
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Date Spectrum # %Error compared 
monthly average
% Error Compared April 7 Profile
3 April 1 2.08
4 April 1 3.20
2 2.36





13 April 1 2.97
14 April 1 2.57
18 April 1 -2.74 2.39
2 -2.34 1.90
28 April 1 -2.39 1.90
2 -1.88 2.16
3 -0.98 2.20
29 April 1 -0.66 2.50
2 -1.13 2.10
30 April 1 -0.46 3.38
2 -0.75 1.66
3 1.02 2.18
Table 4.4. Error in retrieval of total column ozone resulting from using monthly averaged 
temperature profile compared with same day temperature profile. The fourth column shows the 
percentage difference in total column retrieval resulting from using the averaged monthly 
temperature profile compared with the profile for the 7 April.
4.10 Errors due to Low Signal to Noise
Any real spectrum will contain some level of noise including inherent detector noise and 
noise arising from mechanical or electrical imperfections in the instrument. This noise 
will decrease the accuracy with which ozone can be retrieved from the real spectrum. To 
determine the error that can be introduced by a decreasing signal to noise ratio, synthetic 
spectra were created with rms signal to noise ratios of 100, 200, 300, 400, 500, 600 and
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700. Total column ozone was retrieved from the spectra and the error calculated. The 
averaged rms residual and the average absolute % error are given in Table 4.5 and 
presented in Figure 4.18 (A) for the rms residual and (B) for the absolute percentage 
error. The results show an increase in the absolute percentage error and rms residual 
with increasing noise. An error of 0.5% or greater is introduced once the signal to noise 
ratio is less than 300. More significant for this work is the increase in the rms residual 
with decreasing signal to noise ratio. As shown in Section 4.7.1 a 1km shift in the ozone 
vertical profile will result in a rms value of 0.0016 for an ideal spectrum. A high rms 
residual due to noise has the potential of masking the error introduced by an incorrect 
ozone a p r io r i  profile. Figure 4.19 shows the rms residual resulting from the fit of a 
spectrum with a snr of 400. Therefore, based on the error analysis of synthetic spectra, 
spectra for analysis in this work will be restricted to spectra having a signal to noise 
ratio of 300 or greater.
This snr error analysis is based on idealised synthetic spectra. The error and rms residual 
introduced by real noise in real spectra will be addressed as part of the final data 
analysis.
SNR 100 200 300 400 500 600 700
average rms. 
residual
0.2991 0.1511 0.0979 0.0761 0.0603 0.0521 0.0427
average absolute % 0.6438 0.2908 0.2036 0.2131 0.1134 0.1579 0.1482
error
Table 4.5 Average rms residual and average absolute %error in retrieval for synthetic spectra 
with signal to noise ratio between 100 and 700.
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Figure 4.18 A. Averaged rms residual and B. Absolute % error from retrieval from synthetic 
spectra with SNR between 100 and 700.
Figure 4.19 Synthetic Spectrum #15 with noise 400:1 showing fit and RMS residual of 0.0832.
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4.11 Error Arising from Solar Zenith Angle and Airmass Calculations
To improve the signal to noise ratio four spectra are coadded to give the final spectrum. 
The program MALT calculates the slant path of the solar energy through the atmosphere 
from the mean solar zenith angle for the spectrum collection period. Averaging the 
solar zenith angles over the time required to collect four spectra will introduce errors of 
less than 1%, at solar zenith angles of 80 °, and less than 0 .2 % at a solar zenith angles of 
70°. In the calculation of the airmass MALT takes into account the curvature of the 
earth, but not refraction. This will introduce errors of less than 1% at solar zenith angles 
of less than 80°.
During the initial analysis, spectra were restricted to spectra collected at solar zenith 
angles less than 80 °. However, the error induced by the solar zenith angle at which the 
spectrum is collected will be addressed again during the analysis.
4.12 Error Due to Misalignment of Instrument
A misalignment of the infrared spectrometer can introduce errors into the instrument 
line shape in two ways, by causing an asymmetry in the line shape and by causing a 
broadening of the line shape. In this work a method was not available to measure and 
model the true instrument line shape, and the instrumental line shape was assumed to be 
stable. However, subsequent to the collection of the data for this work it was found that, 
due to a problem with the instrument’s mirror scan mechanism, the instrument line 
shape was less stable then originally believed with the line shape changing between 
scans. A method has since been developed to measure and model the true instrument 
line shape [.B ernardo , 2 0 0 1 ].
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Broadening of the line shape will be interpreted by the fitting routine as pressure 
broadening and result in a fit with an increase in absorber at lower altitudes, effectively 
favouring a downward shifted vertical distribution profile (Section 4.6.2). Broadening 
can be modelled by self-apodisation. A 10% increase in self-apodisation is expected to 
give a 2% change in the total column retrieved [N o th o lt a n d  Schrem s, 1995]. 
Asymmetry of the line shape is more difficult to model. Asymmetry will result in the fit 
having an increased rms residual. In severe cases of misalignment it is possible that the 
residual will mask any other error in the analysis. Deterioration in line shape will be 
evident in the spectra by a decrease signal-to-noise ratio, an increase in the rms residuals 
of the fit, or a change in the position of the absorption feature compared with the 
theoretical line position or change in “shift”.
4.13 Zero Level Offset
The non-linearity of the mercury-cadmium-telluride (MCT) detector can result in a zero 
level offset. The offset for the MCT detector used in this work was generally less than 
3%, increasing to up to 7% on several days in September October 1998. Twenty spectra 
with offset greater than 3 %  were rejected from the database. The offset will be 
compensated for in the final analysis, and is expected to result in minimum error.
4.14 HITRAN Line Parameters
The HITRAN line parameters have a reported accuracy of 5%  [Rothm an e t a l , 1998b]. 
Any error however that is introduced by incorrect line parameters will be a systematic 
error and will introduce an offset to the final results, rather than any random error.
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4.15 Summary of Error
A summary of the errors expected in the analysis of the infrared spectra is given in 
Table 4.6. Estimates of the error from several sources not included in the error analysis 
above have been included in Table 4.6. The error introduced by the incorrect modeling 
of any interfering absorption lines has been estimated at less than 1%. The 
microwindows analysed in this work are free of other strong absorbing species, with 
only limited absorption by N20 , CH4 and H20 . The impact of incorrectly accounting for 
these species is therefore expected to be minimal. The error introduced by using a 
monthly averaged pressure temperature profile has been minimised by analysing an 
absorption line with minimal temperature dependence. The error estimate of 2.5% is 
comparable to the reported estimates introduced when daily profiles from data collected 
at the same site are used, with reported errors of 2.5% [P aton W alsh e t  a l., 1997]; 1% 
[R in s la n d e t a l., 1992]; and less than 2% [N oth olt e t ah , 1995]. The true instrumental 
line-shape has not been modelled in this work and will introduce an error into the 
retrieval. An error estimate of 2% for every 10% self apodisation has been used. As the 
degree of self-apodisation has not been assessed, the error could be as high as 4 to 6 %, 
and contribute substantially to the overall error.
An incorrect ozone a  p r io r i  profile will be one of the greatest sources of random error, 
with each 1km vertical shift of the ozone profile resulting in an error of 4%. This is 
comparable with published errors where a general climatological profile is used 
lR insland  e t a l ,  1992a] 4%; [P aton W alsh e t a l ,  1997] 4%; [N oth olt e t a l ,  1995] (an 
8 % error for a 2km vertical shift in the profile). Where same day ozone sondes have 
been used to construct the a priori profile the reported error has been estimated as
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negligible [R in sla n d  e t  a l ,  1996a]. An estimate of 2% has been used for the systematic 
error resulting from an error in the shape of the ozone a priori profile. This is less than 
the reported 4% error introduced when using a general climatological profile [R in sla n d  
e t  a l., 1992b], as the ozone profile over Laverton is expected to be similar in shape to 
the ozone profile over the Wollongong region. The overall estimate of the random error 
is 5.3%, dominated by errors in the ozone a  p r io r i  profile and errors in the instrumental 







Ozone a p r io r i  profile 
(per 1km vertical shift)
4%
Ozone a priori profile shape 2%
PT a p r io r i profile 2.5%
zero level offset <3%
optical misalignment (per 10% self 
apodisation)
2%
Solar zenith angle <1% <1%
Airmass calculations <1% <2%
Interfering lines 1%
signal to noise (minimum of 350) 0.5%
HITRAN line parameters 5%
Expected error 5.3% 6.5%
Table 4.6 Summary of errors expected in the analysis of the infrared spectra. Note the total error is 
calculated as the (e r ro r ,)2
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4.16 Final Analysis Technique
In the final analysis it has been assumed the Laverton ozone profiles will be similar to 
that above the measurement site but will differ predominantly in the altitude of the 
maximum of the profile.
For each month, a set of ozone vertical profiles has been created by shifting the 
averaged Laverton profile for that month by a maximum of 3km in both the positive and 
negative direction, at increments of 0.3km. This results in a set of 19 profiles. Each of 
the 19 ozone profiles is combined with the appropriate temperature profile for that 
month (constructed from the Mascot radio sonde data), and published atmospheric 
vertical profiles for water vapour [A nderson  e t a l., 1986], N20  and CH4 [G unson e t a l ,  
1990] (see Section 4.3.1) to produce the calibration spectra.
Each spectrum is analysed for total column ozone with the 19 calibration sets 
appropriate for that month. The profile that best modeled the spectrum is determined by 
fitting the resulting set of residuals with a third order polynomial, and determining the 
minimum in the polynomial. The total column ozone, as determined by the ozone 
profile that produces the minimum residual, is returned as the total column for that 
spectrum.
As a comparison, spectra collected in each month were also analysed using the 
calibration for both the previous and following month, and the resulting total column 
ozone, vertical shift and residual compared. In general the difference in retrieval was 
less than 1%. However for some spectra the correct ozone profile appeared to be better
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modeled by the previous or following months calibration as indicated by an improved fit 
and lower residual. This was often the case for spectra collected at the start or end of the 
month, or where the shifts in profile approached the maximum shift in profile in the
calibration.
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5. A n alysis T echnique o f  U ltravio let and  V isib le Spectra
In the ultraviolet and visible solar spectrum the lineshape of the absorption features is 
dominated by the intrinsic lineshape, with minor impact by the temperature and hot 
band transitions and minimum influence from the pressure environment on the 
absorbing molecules. However at these shorter wavelengths solar radiation will be 
scattered by atmospheric aerosols and molecules to a greater extent compared with mid­
infrared radiation. Because of this broad-band scattering and the broader absorption 
feature, solar ultraviolet and visible spectrometers require “calibration” to determine the 
response of the spectrometer without any intervening atmosphere. That is SQof the Beer­
Lambert law (Equation 2.1) has to be determined. This determination of S0 will 
potentially be the major source of error in the analysis of the solar ultraviolet and visible 
spectra. This is in contrast to the infrared region, as discussed in Chapter 4, where the 
greatest sources of error arise from the modelling the temperature and pressure 
dependence of the lineshape of the infrared absorption features, and from modelling the 
instrument line shape.
This chapter aims to outline the methods used to retrieve total column ozone from the 
ultraviolet and visible spectra collected on the Ocean Optics diode array photometers. 
Included will be the method used to calibrate the photometers and the error associated 
with this calibration. The chapter will also discuss the CLS analysis used to retrieve total 
column ozone from the spectra and give details on the absorption cross sections used in 
the CLS analysis, including the expected errors associated with the absorption cross 
sections and the CLS analysis.
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5.1 Calibration
The spectrum, as collected by a sunphotometer, will be a convolution of the solar 
spectrum, the atmospheric spectrum, and the instrument response. The initial step in the 
analysis is to deconvolve the solar spectrum and the instrument response from the 
atmospheric spectrum. Several techniques have been developed to calibrate 
sunphotometers. The generally accepted standard method is the Langley method. The 
Langley method, however, is recognised to have several limitations [F o rg a n , 1994], and 
several adaptations of the Langley method have been developed in an attempt to 
overcome these limitations, including the ratio-Langley technique. In this work both the 
Langley and ratio-Langley technique will be used to calibrate the instruments and the 
results compared. The following section describes both techniques. In addition several 
other calibration techniques will also be briefly outlined for completeness, however for 
full details on these techniques please refer to the cited references.
5.2 Standard lamps
Standard lamps can be utilised to calibrate sunphotometers, however lamps suffer 
deterioration with time and the accuracy in relating the irradiance of the standard lamp 
to the solar spectrum is estimated to be less than 5% [F organ, 1994].
5.3 Langley Technique
The Langley technique [F organ, 1988] is based on the Beer- Lambert law, that, from 
Chapter 2, states:
In 5(Aj) = In S 0 (Af) -  ^  a m p ,  5.1
i
The Langley technique involves determining the spectrometer response at each 
wavelength of interest for a range of airmasses (am). From equation 5.1, plotting lnS(X,)
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against airmass (known as a Langley plot) should give a straight line. A linear 
regression will return lnS0(Ai) as the y intercept, the spectrometer response at the top of 
the atmosphere, and the slope will return the total optical depth at A,,. This method, 
however, is recognised to have several limitations. The only change during the 
collection period is assumed to be changes in airmass. This requires stable atmospheric 
optical extinction components throughout the collection period [F o rg a n , 1988]. For this 
reason many believe an accurate Langley calibration can only be carried out at high 
altitude, above the boundary layer [F organ , 1987a] with multiple calibrations required 
at lower altitudes to reduce the uncertainty. Care must also be taken to ensure local 
diurnal meteorological variations are not incorporated into the Langley plot. Such events 
can be incorporated into the Langley plot without effecting the quality of the linear 
regression, and if reproduced on successive calibration days, will not be detected [Shaw, 
1983].
The frequency of calibration required for an instrument will depend on how the optical 
sensitivity of the instrument varies with time, that is, on the “drift” of the instrument. In 
practice a balance is required between the need for frequent calibrations to account for 
any drift in the instrument, and limiting calibrations to the most ideal meteorological 
conditions at the measurement site.
5.4 Ratio-Langley Technique
The ratio-Langley technique [F organ , 1988] designates one wavelength as a reference 
wavelength to which all other wavelengths are ratioed, such that:
, J >(A ) _ l n  S,(A,)
n S(Are/) S 0( X r e f ) X flm(T¡ ~ T ref )
5.2
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The assumption is made that, by choosing a reference wavelength close to the 
wavelengths of interest, any variation in spectrometer signal not due to change in 
airmass will be reflected in both wavelengths. The ratio-Langley technique eases the 
requirement for a constant atmospheric aerosol component. Because ATaer is dependent 
on the aerosol size, constant aerosol size distribution is still required. A ratio-Langley 
plot is produced by plotting the ln(S/Sref) against airmass. A linear regression to zero 
airmass will return ln(So/Soref) and the slope will return the difference in total optical 
depth.
Several variants on the ratio-Langley method have been developed. Soufflet e t a l [1992]
used the variance in optical depth at one wavelength to characterise the extinction at a
second wavelength. A simple one-channel reference photometer was calibrated using
classic Langley techniques by launching the photometer aboard a balloon and taking
measurements above 35km, where the molecular and aerosol optical depth at the
wavelength of interest (450nm) is negligible. This photometer was then used to calibrate
the corresponding wavelength channel of the second sunphotometer. The 450nm
channel of the second photometer can then be used to calibrate the remaining channels
using the same method. Soufflet e t a l [1992] derived the linear relationship:
lnS(Xi) + m Tam(^) Ata(A,0)/ Tam(^o) -lnTg(Xi) = -[tr(A,i) + TAM( î)]m + In S0(A,i), 5.3
where
S is the instrument response,
So is the instrument response at the top of the atmosphere,
m is the airmass
Xi is the wavelength i
Xq is the reference wavelength
Tg(A,|) is the transmission of the gaseous components of the atmosphere,
Tam (Xd is the daily averaged aerosol optical depth for Xit
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Tr(X,-) is the Rayleigh optical depth for À, and 
Ta(A-z) is the aerosol optical depth for A,,-. 
ta (X/) is calculated by
Ta (A-ì) =  Ta m (^ /)  +  A ta (A/)
where ÀTa(À/) is daily variation in the aerosol optical depth
An iterative procedure is used, with a first guess for Tam(A-ì) derived from a classical 
Langley plot. A least squares regression is used to determine the slope. From this a new 
estimate of Tam(^ì) is obtained, and the procedure repeated until a convergence criteria 
is achieved. Using this method the absolute size distribution can vary, but the relative 
size distribution between the two wavelengths is assumed to remain constant.
5.5 Aureole Techniques
The aureole irradiance around the sun is the relative bright circle of forward scattered 
light around the sun. By measuring the spectrometer response to both the direct radiance 
and the aureole irradiance simultaneously (or as nearly as possible), any change in 
atmospheric conditions will be reflected in both measurements. The aureole technique is 
an absolute technique not requiring a well calibrated second wavelength, and returning 
an absolute value for So-
The aureole irradiance, S q (m*,x), can be approximated by the equation [Forgan, 
1987b]:
S G(m*,T) = S0 exp (-xm*)m* fo.d£2 
Where SG exp (-'em*) is the direct spectral irradiance, 
fo is the scattering function given by 
f COTaPa ^mPm?
and m* is the “representative” air mass defined by
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V  T . m  * — J~ i
'  2 *
Ti is the components of the total optical depth 
mz is the corresponding airmass
and
Pa is the aerosol phase function,
Pm is the molecular phase function,
t is the optical depth,
xa is the total aerosol optical depth,
0) is the bulk single scattering albedo,
£2 is the solid angle subtended by the aperture of the sunphotometer.
By measuring S q and So exp (-xm*), that is the aureole irradiance and the direct 
spectral irradiance, simultaneously at a nominal wavelength, f q and hence coraPa can be 
determined. Provided coPa remains constant, any variation in coraPa should be then 
proportional to variations in Ta. A plot of coxaPa verses m* will then indicate the 
variation of Ta with m*.
Forgan [1987a] used a single step linear least squares regression to return the optical 
depth, whereas Tanaka e t a l [1986] utilised an interactive method to solve for the 
coefficients.
5.6 General Method
The general method [F organ , 1994] uses either aureole data or one well calibrated 
channel to calibrate either the same, in the case of aureole data, or a second channel. The 
general method requires the relative size distribution of the aerosol to remain constant, 
but allows for a changing absolute aerosol extinction component. Whereas the ratio-
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Langley method returns the difference in optical depth, the general method returns the 
ratio of the optical depths [F organ , 1994]. Forgan compared the results from the general 
method and the Langley technique by analysing 3 years data collected at Cape Grim. He 
found the general method produced sample variances 5 times smaller than the Langley 
method. A comparison with the ratio-Langley technique results showed excellent 
agreement between the results.
5.7 Calibration of Ocean Optics Spectrometers
As stated previously, the calibration of the spectrometer by the Langley or ratio-Langley 
method essentially deconvolves the observed spectrum into the atmospheric spectrum 
and the convolved solar spectrum and instrument response (or the relative response in 
the case of the ratio-Langley calibration). A Langley or ratio-Langley plot is produced 
for each (1000 data points). Ideally, the slope from the linear regression of the plots 
will return the atmospheric optical depth spectrum, and the intercept will return the solar 
spectrum convolved with the instrument response, S0. The retrieved value for SQ allows 
for the retrieval of the atmospheric spectrum from the spectra collected on days when 
meteorological conditions are unsuitable for Langley analysis, or collected outside the 
calibration airmass range. How frequently the spectrometer requires calibration, and 
how that calibration is applied to individual spectra is determined by the drift of the 
instrument, or how the instrument response varies with time. Several factors can 
influence the spectrometer response including
• temperature fluctuations,
• deterioration of spectrometer components including the detector, leading to a 
decrease in sensitivity,
• changes in wavelength calibrations,
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• change in optical alignment,
• change in conditions of optical components including dust.
Calibrations were carried out for all clear sky days when data were collected over the 
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was used to determine if a calibration was suitable. The calibration procedure is carried 
out by the FORTRAN program OCNANAL (SR W ilson, P erso n a l C om m un ica tion ). 
OCNANAL inputs the solar spectra together with the collection time of each spectrum, 
produces the Langley and ratio-Langley plots for each spectral data point for the 
requested airmass range, and outputs information from the linear regression to the plots, 
including the value for S, SG and S/Sref and So/Soref, plus the standard error of the linear 
regression to a text file. In addition, OCNANAL outputs information for five selected 
wavelengths, 326.7, 329.5, 332.5, 338.6, and 340.0nm in the ultraviolet region and 
592.0, 612.8, 710.0, and 779.8nm in the visible region as representative of the 1024 data 
points, to a second text file in a format suitable for further evaluation. .
5.7.1 Airmass Range
The choice of air mass range for the Langley and ratio-Langley analysis will impact on 
the quality of the calibration. As stated above, a calibration by Langley method assumes 
constant atmospheric conditions, or for ratio-Langley method, for aerosol size 
distribution to be constant. This is most readily satisfied if the time span of the Langley 
plot is kept to a minimum for maximum change in airmass, that is at high solar zenith 
angles, either at sunset and sunrise. This must be balanced with a need for sufficient
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signal to noise, which is maximised when the sun is at zenith. The greater intensity of 
the visible radiation reaching the earth’s surface compared with that in the ultraviolet 
region means higher airmass can be used in the analysis in the visible region. The use of 
high airmasses will decrease the uncertainty resulting from the extrapolation to zero 
airmass when deriving InSo. B. Forgan {person n el com m unication) has recommended 
that the time span of the airmass range should not exceed 90 minutes.
Figure 5.1 and 5.2 shows a Langley (A) and ratio-Langley (B) plot produced over the air 
mass range 2 to 7 using data collected on 30th May 1997 for the visible and ultraviolet 
spectra respectively. These plots illustrate several general points. At high solar zenith 
angles, there is an increase in scatter, particularly in the ultraviolet Langley and ratio- 
Langley plots at airmass greater than 4, where noise starts to dominate. For example in 
the ultraviolet region, at 333nm the standard deviation in So/Soref (as estimated from the 
data over a 5 minute interval close to zero airmass) increases from ±0.004 at airmass 2 
to ±0.075 at airmass 7. In comparison, in the visible region, (613nm), the standard 
deviation in S o/S oref is ±0.008 at airmass 2 and ±0 .0 1 0  at airmass 7. At low airmass 
values curvature in the plot is evident. The Langley and ratio-Langley plots in Figures
5.1 and 5.2  demonstrate the need for careful consideration of the airmass range used for 
the analysis. In the final analysis, calibrations are rejected where the standard error for 
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Figure 5.1 (A) Langley plot and (B) Ratio-Langley plot for air mass range 2 to 7 for the selected 
wavelengths in the visible region (reference wavelength 750nm). The scatter is decreased in the 

















Figure 5.2 (A ) Langley plot and (B) Ratio-Langley plot for air mass range 2 to 7 for the selected 
wavelengths for the ultraviolet region (reference wavelength 340nm). The scatter is decreased in the 
ratio-Langley plot until higher airmass where scatter and curvature dominate the plot due to the 
low intensity of radiation transmitted through the atmosphere.
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To determine the most appropriate air mass range several airmass ranges were trialed 
and the results compared. Langley and ratio-Langley plots were constructed for data 
collected on a selection of cloud-free, low aerosol days (as determined by the retrieved 
aerosol optical depth being less than 0.05), with the final airmass range chosen by the 
standard error in the linear regression, and the standard deviation of the retrieved S 0 and 
S0/S 0ref- In the ultraviolet region calibration using spectra collected on 100  days 
(between January and December 1997) were analysed using the airmass ranges:
• 2 .0  to 3.0
• 2.5 to 3.0
• 2.5 to 4.0
A summary of the results from the Langley and ratio-Langley analysis for the selected 
wavelengths are presented in Tables 5.1. The air mass range 2.0 to 3.0 resulted in the 
lowest standard error for both the Langley and ratio-Langley analysis. The values for the 
intercept, lnS0, and slope, S, differed by less than 1% for the airmass ranges 2.0 to 3.0 
and 2.5 to 3.0, but were substantially lower for the range 2.5 to 4.0, indicating curvature 
in the Langley and ratio-Langley plots at the high airmass. Based on these results the 
range 2.0 to 3.0 was chosen as the airmass range to be used.
To determine the most suitable airmass range in the visible region, Langley analysis was 
completed on 105 data sets. The airmass ranges 3.5 to 6.0 and 3.0 to 5.0 were trialed. A 
summary of the results is given in Table 5.2. The standard error for the two airmass 
ranges resulted in a similar averaged standard error for the Langley analysis. For the 
ratio-Langley analysis the airmass range 3.5 to 6.0 resulted in a lower averaged standard 
error, with 61 calibrations having a standard error of less than 0 .0 0 2  (that is deemed
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suitable for calibration) compared with 44 calibrations for the airmass range 3.0 to 5.0. 
Therefore the airmass range 3.5 to 6 .0  has been used in all further analysis.
L a n g le y
A n a ly s is
Ratio La n gle y  
A n a lysis
a irm a ss  ra n g e 2.0 to  3.0 2.0 to  3.0
w a ve le n g th In S o S o S standard InS o S o S standard
n m error erro r
327 9.30 10955 0.141 0.00189 -0.0299 0.9705 0.039 0.00063
%stdev 2.51 19 98 8 47
333 9.27 10657 0.110 0.00158 -0.0541 0.9474 0.0092 0.00016
%stdev 1.99 16 134 3.6 82
336 9.30 10981 0.105 0.00163 -0.0256 0.9747 0.0054 0.00016
%stdev 1.92 16 160 2.0 321
340 9.32 11121 0.099 0.00142
%stdev 2.13 17 155
a irm a s s  ra n g e 2.0 to  2.5 2.5 to 3.0
w a ve le n g th In S o S o S standard InS o S o S standard
n m error erro r
327 9.28 10765 0.135 0.00363 -0.0242 0.9761 0.042 0.00158
%stdev 2.18 17 117 6 28
333 9.25 10447 0.102 0.00305 -0.0499 0.9514 0.0114 0.00042
%stdev 1.75 14 161 2.4 51
336 9.28 » 10738 0.096 0.00305 -0.0232 0.9771 0.0065 0.00037
%stdev 1.78 15 191 1.7 335
340 9.29 10854 0.088 0.00216
%stdev 2.07 16 185
a irm a ss  ra n ge 2.5 to 4.0 2.5 to 4.0
w a ve le n g th In S o S o S standard InS o S o S standard
n m erro r erro r
327 8.94 7601 0.173 0.00579 -0.0468 0.9543 0.056 0.00537
%stdev 3.38 32 67 23 136
333 8.90 7341 0.128 0.00425 -0.0874 0.9163 0.0101 0.00253
%stdev 3.22 31 84 13.0 538
336 8.91 7416 0.113 0.00332 -0.0851 0.9185 -0.0057 0.00055
%stdev 3.18 30 91 3.7 -263
340 8.98 7965 0.113 0.00305
%stdev 3.26 31 90
Table 5.1 Average S0, S and standard error plus percentage standard error for Langley and ratio- 
Langley calibration for airmass ranges 2.0 to 3.0,2.5 to 3.0 and 2.5 to 4.0 in ultraviolet region.
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air m ass range
La ngley
A nalysis
R a tio -La n gley
A nalysis
3.5 to 6.0 3.0 to 5.0 3.5 to 6.0 3.0 to  5.0
592 InSo 7.732 8.8 7.70 8.69 1.72 2.56 1.622 37.3
So 2617 55 2442 25 5.58 4.38 5.514 20.7
Slope 0.070 0.060 0.0217 0.0240
Standard 0.0044 0.003 0.0024 0.0077
error
612 InSo 7.612 8.7 7.50 8.27 1.52 2.52 1.426 40.2
So 2134 53 1982 24 4.57 3.89 4.517 24.7
S lope 0.054 0.043 0.0048 0.0077
Standard 0.0046 0.0034 0.0023 0.0076
error
613 InSo 7.604 8.8 7.49 8.21 1.50 2.34 1.414 40.9
S o 2111 54 1958 23 4.51 3.61 4.500 33.9
S lope 0.053 0.044 0.0040 0.0080
Standard 0.0046 0.0034 0.0023 0.0076
error
710 InSo 7.038 11.1 6.59 6.79 0.57 15.93 0.509 77.9
So 833 65 768 24 1.77 8.96 1.749 23.7
S lope 0.068 0.063 0.0232 0.027
Standard 0.0067 0.007 0.0012 0.0038
error
750 InSo 6.70 14.20 6.02 6.01
S o 478 62 431 22
S lope 0.048 0.036
Standard 0.0087 0.010
error
780 InSo 3.843 51.8 5.57 6.29 -0.48 -7.60 -0.504 -37.4
S o 175 145 273 21 0.62 3.55 0.612 13.3
S lope 127 0.0451 0.0083 0.0102
Standard 0.391 0.0168 0.0019 0.0067
error
Table 5.2 Average So, S and standard error, plus standard error for So and InSo for Langley and 
ratio-Langley calibration (reference wavelength 750nm) for airmass ranges 3.0 to 5.0 and 3.5 to 6.0 
in visible region.
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5.7.2 Reference Wavelength
The choice of the reference wavelength for the ratio-Langley calibration can also have 
an impact upon the quality of the calibration. The reference wavelength should be as 
close to the wavelength of interest so that any change in atmospheric composition will 
have similar impact on the two wavelengths. At the same time it is important that the 
reference wavelength is subject to minimal atmospheric molecular absorption so that 
any change in the atmospheric composition, over the time of the calibration, will have 
minimal impact at that wavelength. Again, several reference wavelengths were chosen 
and ratio-Langley plots constructed using the data selected as outlined previously. The 
most suitable reference wavelength has been chosen based on the quality of the linear 
regression fit.
Three wavelengths, chosen to avoid strong solar structure or atmospheric absorption, 
were trialed. In the ultraviolet region, 338nm, 341nm and 340nm. Ratio-Langley 
analysis was carried out on data for 109 days (January to December 1998). The 
summary of the results is given in Table 5.3. The averaged standard errors to the ratio- 
Langley plots were similar for the 3 reference wavelengths. However, using 340nm as 
the reference wavelength 72 calibrations resulted in a standard error of less than 0.002, 
compared with 62 calibrations for 338nm and 60 calibrations for 341nm. This indicates 
that, although the reference wavelength 340nm resulted in a slightly higher averaged 
standard deviation, that 340nm is the more stable reference wavelength. For this reason 
340nm is used as the reference wavelength in all further analysis.
The strong absorption features, in particular water vapour and oxygen, limited the 
choice of reference wavelength in the visible spectral region. The wavelength 749.9nm
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was chosen as it was one of the few wavelength regions where the molecular optical 
depth was minimal.
w ave reference 340 341 338
nm wavelength
nm
average %  stdev average %  stdev average %  std e v
327 InSo -0.1049 -0.0429 -0.0221
So 0.9004 10.25 0.9580 12.01 0.9781 7.61
S lope 0.0484 0.0549 0.0492
std error 0.0030 0.0029 0.0026
329 InSo 0.0272 0.0895 0.1113
So 1.0276 7.51 1.0937 10.30 1.1177 6.67
S lope 0.0215 0.0284 0.0225
std error 0.0012 0.0012 0.0007
333 InSo -0.1046 -0.0475 -0.0254
So 0.9007 7.21 0.9536 9.44 0.9749 4.94
S lope 0.0118 0.0187 0.0125
std error 0.0014 0.0014 0.0008
338 InSo -0.0817 -0.0268
So 0.9215 3.79 0.9735 5.05
Slope -0.0030 0.0045










Table 5.3 Average So S and standard error plus the percentage standard deviation for ratio- 
Langley calibration for reference wavelength 340, 341,338nm.
5.8 Retrieval of Total Column Ozone
The retrieved optical depth is itself a convolution of all contributing components, 
including Rayleigh scattering, aerosol scattering and molecular absorption. Rayleigh 
optical depth, T r ,  at the wavelength of interest has been determined by Equation 5.5 (for 
atmospheric pressure 1013.25hPa) [F rohlich a n d  Shaw , 1980; Young, 1981],
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0.00864( 1 Ì 5.5
where
A = 3.916 + 0.074A +
X
The Rayleigh optical depth is scaled for air pressure and subtracted from the spectrum of 
the total optical depth as part of the calibration routine. A multivariate least squares 
fitting routine (CLS) (see Chapter 3) is used to deconvolve the remaining components of 
the optical depth, and retrieve the total column ozone. Absorption cross sections are 
required for all absorbing species in the wavelength region of interest for the CLS 
analysis. Errors in the absorption cross sections have the potential to introduce 
systematic errors into the retrieval. The temperature sensitivity of the absorption cross 
section will vary with the component and the transition involved, and also poses a 
source of error in the retrieval. In the ultraviolet region of interest (310nm to 350nm) the 
main molecular absorbers include ozone and SO2 with lesser absorption due to N2O4 
and NO2. In the visible region measured, (450nm to 700nm), water vapour, oxygen, and 
the oxygen dimer, (O2-O2), dominate absorption, with absorption due to N 02 and ozone 
being much weaker. Information on the absorption cross sections of the relevant 
molecular absorbing species is given in the following section. Aerosol scattering has 
been modeled in the CLS analysis as a constant offset. Because the change in aerosol 
optical depth with wavelength is limited, this is a suitable approximation if the 
wavelength region is small (a maximum analysis wavelength range of 170nm).
Several wavelength regions in both the ultraviolet and visible region have been analysed 
as part of the CLS analysis. In the ultraviolet region, the ozone absorption cross section
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shows significant structure (Figure 5.3). The CLS analysis regions have been chosen to 
incorporate a region of both maximum and minimum absorption. In the visible region of 
interest the choice of CLS analysis regions is more complex, with the region being 
dominated by very strong absorption by water vapour and oxygen. The strong absorption 
bands of both components have optical depths of greater than 2  and do not obey Beer’s 
law with the instrumental resolution employed here, and should be avoided in the CLS 
analysis region. The limits for the CLS analysis regions are listed below.
Wavelength
Lower Limit Upper Limit
Region 1 515.6 nm 684.9 nm
Region 2 502.7 nm 673.4 nm
Region 3 533.6 nm 673.4 nm
Table 5.4 CLS calibration regions for visible spectra
Wavelength
Lower Limit Upper Limit
Region 1 326.6 nm 329.6 nm
Region 2 329.6 nm 332.6 nm
Region 3 332.6 nm 335.6 nm
Region4 326.6nm 335.6nm
Table 5.5 CLS calibration regions for ultraviolet spectra
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5.9 Absorption Cross Sections
5.9.1 Ozone
Ozone absorbs throughout the ultraviolet, visible and infrared region of the spectrum. 
The Huggins band in the ultraviolet region and the Chappuis band in the visible region 
are utilised to retrieve total column ozone in this work
Huggins band
The absorption cross sections of ozone in the ultraviolet region from around 185 to 
350nm has been extensively studied, including Bass and Paur [1985], Molina and 
Molina [1986], Daumont et a l [1992] and Vigeroux [1953] with differing results. 
Molina and Molina noted a temperature dependence for the absorption cross section 
above 270nm (temperature range 225K to 298K). This dependence is not linear with 
temperature, and is more pronounced at the maxima, with the temperature dependence 
being able to be described by a quadratic [M olina and M olina, 1986].
There is also some discrepancy in the values of the absorption cross section, particularly 
at longer wavelengths. Whereas the Daument and Bass and Paur absorption cross 
sections agree to within 1% (once both data sets were normalised to the one wavelength 
to take into account wavelength shift in the Bass and Paur cross sections), the Molina 
and Molina data are reported to be an average of 1-3% higher compared with the 
Daumont e t a l cross sections above 225nm, with the difference increasing to 4-6% 
above 325nm [D aum ont e t a l ,  1992]. Absorption cross sections from this work are 
based on data from Molina and Molina [1986]. A comparison of the absorption cross 
sections from Molina and Molina, Bass and Paur and is given in Figure 5.3.
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Figure 5.3 Absorption cross section from Molina and Molina (263K) [M olina and M olina, 1986] 
(purple), Bass and Paur [Bass and Paur, 1985] (blue) (250K).
C h appu is B a n d
The Chappuis band is a broad ozone absorption band extending from 450 to nearly 
850nm. Early measurements of the cross sections gave varying reports on the 
temperature dependence, with for example Amoruso et al, [1990] and Vigeroux [1953] 
reporting little or no temperature dependence, and Penny [1979] reporting changes of 
15% in cross section at 223K compared with room temperature.
More recently Burkholder and Talukdar, [1994] determined that there was very limited 
(<0.5%) change in absorption cross section near the peak of the absorption feature, 
between 500 and 700nm (298 to 220K). However, away from the peak, in the wings of 
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section at 420nm decreasing by 40% in going from 298 to 220K. As the intensity in the 
wings of absorption band is low, the integrated absorption cross section across the entire 
region only decreased by 1.2% for a 78K temperature change. Burkholder and Talukdar 
also note that although the absolute absorption cross sections in the wings show a large 
temperature dependence, the differential absorption cross sections show a much less 
marked temperature dependence, closer to 5% for the wavelength interval 400 to 
480nm. Hence the use of differential spectroscopy will help to minimise any error 
caused by temperature dependence in the retrieval of ozone from this region 
[Burkholder and Talukdar, 1994]. The absorption cross sections in this work have been 
taken from Burkholder and Talukdar, [1994] (Figure 5.4).
Figure 5.4 Absorption cross section for ozone Chappuis band (298K) [Burkholder and Talukdar, 
1994]
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5.9.2 Oxygen and 02-02
The strongest absorption bands for oxygen occur at wavelengths less than 250nm in the 
Herzberg (185 to 242nm) and Schuman Runge systems (137 to 205nm). However 
several lesser absorption bands exist at longer wavelengths, in the region of interest. 
Bands at 762nm, 6 8 8 nm, 629nm and 580nm show P and R branch structure and are 
assigned to the ]S+g upper state with v' = 0,1, 2 and 3. These bands showed no pressure 
dependence and are documented in HITRAN [Rothm an e t a l ,  1998a].
Several bands are also observed in the visible wavelength region due to either the 
collision induced bands of O2-O2 or the van der Waal’s bound molecule O4. These 
bands are broad and unstructured and display strong pressure dependence. O2-O2 bands 
have been documented at 446.7, 477.3, 532.2, 577.2, 630.0 and 1065.2nm [G ree n b la tt 
et a l., 1990; M ich alsky  e t a l ., 1999; N ew nham  a n d  B a lla rd , 1998]. The absorption cross 
sections for 0 2-0 2 have been taken from Newnham and Ballard, [1998] and are shown 
in Figure 5.5 The absorption cross sections and temperature dependence were 
determined at a pressure of lOOOhPa (pure oxygen) and at 223 and 283K. The 
absorption cross sections for 0 2 have been taken from HITRAN, [R othm an e t  a l ,
1998b]. Figure 5.6 shows a synthetic spectrum for atmospheric oxygen created with 
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x 10~46







N a n o m e te r s
Figure 5.6 A synthetic solar atmospheric absorption spectrum of oxygen, produced using MALT 
with data taken from HITRAN and using US standard temperature pressure and oxygen vertical 
profiles [jRothman et a l., 1998b]
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1 1 r
500  540  580 620 660 700
1 I r  
740  780
Chapter 5 Page 166
5.9.3 N 0 2, N20 4
N 02 exists in the atmosphere in a temperature dependent equilibrium with the dimer 
N2O4. The absorption cross sections for both NO2 and N2O4 in the ultraviolet and visible 
region have been extensively studied, both because of the importance of NO2 in 
atmospheric chemistry, and because it can interfere with the retrieval of other 
atmospheric species of interest [F rost e t a l ., 1996; S an ders , 1996]. NO2 absorbs 
radiation from less than 350nm up to 800nm [H a rw o o d  a n d  Jon es, 1994; K irm se  e t a l . ,
1997]. The dimer, N20 4, absorbs radiation from below 320nm up to 430nm [K irm se  e t 
a l., 1997].
The overlap in the absorption of the two species, and the temperature dependence of the 
equilibrium has made the measurement of the absorption cross sections for the two 
species difficult [H arder e t a l ., 1997; H a rw o o d  a n d  Jones, 1994; S a n d ers , 1996]. 
H a rd w o o d  a n d  J o n es , [1994] have reported that the averaged cross section of NO2 does 
not show any temperature dependence in the overall shape and position of the 
absorption feature, with previously reported temperature dependence being attributed to 
an error in the correction for N20 4. However the fine structure of the spectrum does 
show some temperature dependence, with the peaks and troughs of the fine features 
becoming sharper with decreasing temperature (298K - 213K) [H a rw o o d  a n d  Jones,
1994; San ders, 1996]. If the N 02 spectrum is fitted using ground level temperature 
absorption cross sections, this temperature dependence can result in substantial residual 
features [Sanders, 1996]. It has been suggested that if a single temperature absorption 
cross-section is to be used for the retrieval, than the temperature should be chosen to
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In contrast, N2O4 does exhibit marked temperature dependence for the temperature 
region 225K to 153K, with the cross section decreasing with temperature. This 
temperature dependence is more prominent at longer wavelengths [H arw ood an d  Jones, 
1994]. An error of up to 3% in the total column ozone retrieved from spectra taken at 
high solar zenith angles in the wavelength region around 500nm has been noted due to 
incorrect accounting ofN 0 2  and N2O4 [H arw ood  an d  Jones, 1994; Sanders, 1996].
In this work the absorption cross-sections of Harwood and Jones, [1994] are used.
Figure 5.7 compares the absorption cross section of Harwood (273K) with that of 
Davidson (298K) [1988]. Figure 5.8 shows the absorption cross sections taken from 
Harwood and Jones [1994] as a function of temperature. NO2 has a peak concentration 
at an altitude of around 35km. The levels of tropospheric NO2 is expected to be elevated 
in polluted atmospheres. The expected mixing ratio for the boundary layer for NO2 in 
the Wollongong area is lOppb (E nvironm ental P rotection  A uthority (EPA), p erson a l 
com m unication, 1996). At this concentration incorrectly modelling the boundary layer 
N 0 2 at stratospheric temperatures will result in minimal increase in the magnitude of the 
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nm
Figure 5.7 Absorption cross section for N 0 2, blue 273K [Harwood and Jones, 1994] red 298K 
I Davidson, 1988].
nanometers
Figure 5.8 Absorption cross section N20 4 [Harwood and Jones, 1994] Blue 213K, pink 225K, 






Chapter 5 Page 169
5.9.4 W ater Vapour
The HITRAN data base lists over 40 vibrational bands for water vapour between 450 
and 750nm. The three major atmospheric water absorption bands in the visible region 
are centered at 950nm, 820nm, and 720nm [Tanaka et al., 1982], with minor bands 
located at 790, 695, 650, 630, 590, 570, 540 and 505nm. Data for water in the HITRAN 
database is taken from Camy-Peyret et al [1996], and have been recorded at the National 
Solar Observatory at Kitt Peak using a Fourier transform spectrometer. The latest update 
to the absorption cross sections in the HITRAN database was in 1999. The absorption 
cross sections from HITRAN are used in this work. Figure 5.9 shows a synthetic 
atmospheric absorption spectrum for water, created with absorption cross sections taken 
from HITRAN, US standard vertical profiles for atmospheric pressure, temperature and 
water vapour.
Figure 5.9 A synthetic absorption spectrum for H20  produced by MALT using data from HITRAN 
[Rothman et a l , 1998b] with US standard vertical profdes for atmospheric temperature pressure 
and water vapour (2.37E+22 molecules\cm ).
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5.9.5 Sulphur Dioxide
The major absorption bands for sulphur dioxide extends from below 300nm to 340nm. 
However at wavelengths longer than 300nm there is a rapid decrease in the absorption 
cross section with increasing wavelength. Between 310 and 320nm the absorption cross 
section of SO2 is approximately 3 times that of ozone, while at 340nm the cross section 
decreases to approximately half that of ozone. The absorption cross sections for SO2 
from McGee and Burris [1987] (310 to 320nm), and Thompson [1963] (312 to 350nm) 
are compared with the absorption cross section for ozone in Figure 5.10.
There are a number of sources of sulphur, both anthropogenic and natural. At ground 
level the mixing ratio of sulphur dioxide in clean air is approximately lppbv, decreasing 
to 50pptv at the tropopause. Less than 10% of the tropospheric SO2 enters the 
stratosphere. The main source of stratospheric SO2 is from major volcanic eruptions, 
which are capable of injecting large amounts of sulphur into the upper atmosphere. In 
polluted air the levels of tropospheric S02 will be enhanced. In the Wollongong region 
the main source of SO2 is from Australian Iron and Steel, located approximately 20km 
south of the University. The boundary layer mixing ratio for S 02 is around l-5ppb 
(EPA, p e rso n a l com m unication). Assuming a boundary layer thickness of 1km, with a 
constant mixing ratio of 5ppb for S02, and assuming the contribution to the total 
column S02 from the remainder of the atmosphere is negligible, the total column S02 
will be around 1.2 x 1016 molecules cm2. This compares with an expected level of 
atmospheric ozone of 8 x 1018 molecules cm2 (300DU). As the absorption cross 
sections of ozone and SO2 between 325 and 345nm are comparable, the impact of SO2 
absorption on the solar spectrum compared to ozone should be minimal.
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Figure 5.10. Absorption cross section for S 0 2 Blue [McGee and Burris, 1987J, pink [Thompson, 
1963] and the absorption cross section for ozone from [Molina and Molina, 1986].
5.9.6 Minor Absorbers
Several atmospheric species contribute to a lesser extent to the total optical depth in the 
wavelength region of interest, either due to low atmospheric concentrations of the 
species, and, or due to low absorption cross sections. This includes the halogenated 
species, HOX, XONO2, X2O and XO, where X is Br or Cl. The absorption cross 
sections for a range of brominated species are shown in Figure 5.11 with the chlorinated 
species having similar cross sections.
HNO3, which acts as a temporary reservoir of odd nitrogen in the stratosphere, absorbs 
radiation from below 200nm up to 350nm, with a rapidly decreasing absorption cross 
section with increasing wavelength. The absorption cross section at 320nm is 2x1 O'21
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cm2 [Burkholder et al., 1993]. In addition to these species, atmospheric components 
such as formaldehyde (260 and 360nm) and OH (at 308 and 600 to 800nm) also 
contribute to the total molecular absorption in the ultraviolet-visible region. The 
contribution of the above components to the total molecular optical depth is sufficiently 
low to be ignored as part of the retrieval of total column ozone in this work.
Figure 5.11 Absorption cross sections for the bromine species pink Br20  \Orlando and Burkholder, 
1995]; red B r0N 021Rowland, 1987]; blue HOBr \Orlando and Burkholder, 1995]; navy BrO 
\Wahner, 1988] for the wavelength range 200 to 450nm.
5.10 Summary
The absorption spectra of H2O, O2, O2-O2, NO2 along with ozone have been included in 
the CLS analysis for retrieval of total column ozone from the ultraviolet and visible 
spectra. Sulphur dioxide has not been included in the ultraviolet region. Between 325 
and 345nm absorption by SO2 is expected to be an order of magnitude less than that of
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ozone, and therefore omitting SO2 from the analysis will have minimal impact on the 
ozone retrieval. Absorption cross sections for H2O and O2 have been taken from the 
HITRAN data base [C am y-P eyret e t a l 1996]. The CLS calibration spectra for the 2 
species have been modeled using MALT, taking into account any temperature 
dependence, and with a resolution of 30cm'1 (1.5nm at 700nm) and using the US 
standard atmosphere vertical profile. NO2 absorption spectra have been modeled at 
273K with absorption cross section from Hardwood et al. Absorption cross sections for 
O2-O2 have been taken from Newnham and Ballard [1998]. In both the ultraviolet and 
visible spectral regions, the modeling package PCtran has been used to construct the 
absorption spectra for ozone, using the 1976 US atmospheric pressure and temperature 
profile and the absorption cross sections from Molina and Molina (ultraviolet spectral 
region) and that of Burkholder et a l (visible spectral region). The retrieval of total 
column ozone from TOMS and Dobson instruments uses the absorption cross sections 
of Bass and Paur, which are expected to be between 4 and 6% lower than that of Molina 
and Molina in the wavelength region utilised for the retrieval.
Figures 5.12 and 5.13 show the absorption cross sections for the individual components 
in both the ultraviolet and visible region respectively. Each is overlaid with an example 
of an atmospheric absorption spectrum as retrieved from the Langley analysis for the 
respective region. The absorption bands due to oxygen, ozone, water and are clearly 
evident, with N 02 also being visible between 500 and 550nm. The absorption bands for 
oxygen and water are broader then the theoretical spectra due to saturation and non­
compliance with the Beer-Lambert law. This region should be avoided for the CLS
analysis.
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Figure 5.12 Calculated optical depth for ozone \Molina and M olina , 1986] (red) and absorption 
spectrum retrieved from Langley analysis (blue) for 28 April 1997.
Figure 5.13 Component absorption spectra for: blue H20 ,  red 0 2, brown N 0 2, pink 0 2- 0 2, green 
0 3 and the retrieved absorption spectrum from the Langley analysis for 30 April 1997. Spectra 
have been offset for clarity.
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6. Solar In frared  Spectral A nalysis R esults
This chapter presents the results of the retrieval of total column ozone from the solar 
infrared spectra collected at the University of Wollongong site using the analysis 
method as outlined in Chapter 4. A total of 660 solar infrared spectra were collected in 
the 700 to 1350cm'1 region (NDSC filter 6) between March 1996 and March 1999. 
Spectra were collected at solar zenith angles between 10 and 82 degrees, and with signal 
to noise ratio from 100 to 800 (where noise is the root mean square (rms) of the noise in 
the spectrum and the signal is the maximum signal in the spectrum). Each spectrum has 
been analysed for total column ozone with CLS calibration spectra produced by shifting 
the averaged ozone vertical profiles in the vertical direction by ± 3 kilometers in 0.5km 
increments (Chapter 4).
The retrieved total column ozone has been compared with total column ozone data from 
TOMS aboard the ADEOS satellite up to the 31 June 1997, when the ADEOS satellite 
failed, and aboard the Earth Probe Satellite from 1 July 1997. Due to the failure of the 
ADEOS satellite and the initial lower orbit of the Earth Probe satellite, same day 
comparisons with the infrared spectra from either of the TOMS instruments were not 
available for 100 spectra collected over 46 days.
In Chapter 4 both synthetic and real spectra were analysed under controlled conditions
to determine the possible error introduced by decreasing quality of spectra. As part of
the final analysis, the impact of the above factors was again examined for any error
evident in the ratio of the infrared and TOMS retrieval.
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6.1 Signal to Noise Ratio (SNR)
Figure 6.1 shows the dependence of the retrieval on the signal to noise ratio (SNR) of 
the spectrum. A decrease in the ratio with increasing SNR is evident for low SNR, in 
particular at SNR of less than 300. In Chapter 4, the analysis of the error introduced by 
decreasing SNR in synthetic spectra suggested spectra with a SNR of less than 300 
should be rejected from the analysis. From Figure 6.1, to ensure a bias in retrieval is not 
introduced, spectra have been further restricted to spectra with a signal to noise ratio 
greater than 350. This rejected 71 spectra.
6.2 Solar Zenith Angle
The dependence of the infrared retrieval, when compared to TOMS retrieval, on the 
solar zenith angle at which the spectra were collected is examined in Figure 6.2. Figure 
6.2A includes all spectra in the database, whereas in Figure 6.2B only spectra with a 
SNR of greater than 350 have been included. Both a decrease in the ratio of the infrared 
and TOMS retrieval, and an increase in the scatter of the ratio of the retrievals, with 
increasing solar zenith angle is evident. From Figure 6.2, spectra for the final analysis 
have been restricted to solar zenith angles of less than 70°. This criterion has rejected 60 
spectra from the database.
6.3 Instrument Line Shape
As outlined in Chapter 5, incorrect optical alignment of the instrument, and the resulting 
distorted instrument line shape introduces errors into the classic least squares fitting 
algorithm. Poor optical alignment will be indicated by an apparent shift in the
Chapter 6 Page 177
wavenumber of the absorption features, an increase in the SNR of the spectra and by the 
fitting algorithm resulting in high rms residuals.
Figure 6.3 shows the shift in wavenumber of the ozone absorption feature at 
1163.422cm l , as derived from the analysis procedure. Figure 6.4 shows the rms residual 
resulting from the classic least squares fitting routine for all spectra analysed. No trend in 
the magnitude of the residual over the period of the analysis is apparent.
Figure 6.5 A. shows the change in SNR with date for all spectra in the database. There is 
some evidence that the signal to noise ratio has decreased during 1998. However when 
the SNR of the spectra is compared with the total visible intensity signal from the solar 
tracker (Figure 6.5 B.), there is no apparent deterioration in the signal to noise ratio in 
the spectra. The signal from the drive feed back on the tracker is independent of the 
infrared spectrometer, and gives an indication of the intensity of solar radiation incident 
on the input optics within the laboratory. Comparing the spectral signal to noise ratio 
with the tracker voltage allows for variation in the intensity of the solar radiation 
incident on the input optics of the FTIR spectrometer, due to changing conditions of the 
optics (dust etc) and the changing solar zenith angle of the sun. Figure 6.5C shows the 
changing absolute noise in the MCT detector with time. The step increase in noise in 
early June 1998 is a result of replacing the original 1mm detector with a 0.25mm 
detector. The replacement detector had greater absolute noise but increased responsivity, 
and hence increased SNR. The peak in early 1998 was due to a problem with the motors
of the tracker.
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From the signal to noise ratio, the magnitude of the rms residual, and the limited 
wavelength shift it appears the alignment of the instrument has not altered substantially 
over the collection time. This is despite several optical realignments, and the 
replacement of the MCT detector. The Filter is the only component exposed to 
significant solar radiation intensity in the near IR - visible - UV region, and so it is the 
only component likely to suffer from solar radiation damage. From visual observations 
of the optical components, in particular the filter, and from the signal to noise ratio of the 
spectra, there is no evidence for bleaching of the optical components by sunlight.
6.4 Atmospheric Pressure
As spectra were only collected on predominantly clear sky days the range of atmospheric 
conditions was limited. Even so atmospheric pressure ranged from 1000 to 1030hPa for 
the spectra analysed. This was compensated for by normalising the pressure to 1013hPa 
using the following relationship:
T C O p = i 0 1 3  =  T C O a t m o s  x  1 0 1 3 / P atm os 6 . 1
where T C O atm os is the total column ozone at the sampled atmospheric pressure, and 
TOCp=ioi3 is the equivalent total column ozone at 1013hPa.
6.5 Detector Zero Level Offset
As described in Chapter 4, the non-linearity of the mercury-cadmium-telluride detector 
can result in a zero level offset, or an apparent negative absorption signal. Figure 6.6 
shows the dependence of the retrieved total column ozone to the zero level offset. For an 
absolute offset less than 3% there is no evidence for a bias with offset. However for an
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absolute offset less than 3% there is no evidence for a bias with offset. However for an
absolute offset greater than 3%, increasing offset is associated with an increase in the
retrieved total column ozone. Spectra with an absolute zero offset greater than 3%  were
rejected from the analysis. For the remaining spectra, the correction in Equation 6.2 was
applied to compensate for the detector zero level offset.
TCOcorrected = TCO * maximum intensity 6.2
(maximum intensity -  offset)
where
• TCO is the calculated total column ozone,
• TCOcorrected is the corrected total column ozone,
• maximum intensity and offset are the maximum and minimum intensities of the 
spectrum.
6.6 Analysis Results.
The results of the analysis for the two regions is presented in the appendix (Table Al), 
together with the resulting shift in ozone maximum, the rms residual, and the 
comparison with TOMS total column ozone retrieval. From the final data set, the ratio 
of the average total column ozone retrieval from the infrared spectra to TOMS retrieval 
is 0.924 ±0.052. The removal of low quality spectra during the analysis had limited 
impact on the retrieval, but did result in a decrease in the scatter when the retrieval was 
compared with TOMS data. The average infrared to TOMS ratio for the full spectral 
data base is 0.939 ±0.0926. Figure 6.7 shows the ratio of FTIR retrieval to TOMS over 
the period that spectra have been collected (March 1997 to February 1999). The 
apparent positive slope in the data, evident in Figure 6.7, is believed to be due to step 
changes in the results following changes in optical alignment. In particular, after
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September 1997 there appears to be a step change in the retrieval (from an average of 
0.90 to 0.93 when compared with TOMS data) and an increase in the scatter in the data. 
Figure 6.8 compares the total column ozone retrieval and the same day TOMS data. To 
allow for easier comparison an 8% correction factor has been applied to the FTIR data. 
For clarity Figures 6.8 A-C gives an expanded plot of the analysis time. The FTIR 
retrieval in general follows the TOMS data, however an error at low and high total 
column ozone is evident. A similar comparison has been carried out between Melbourne 
and Brisbane Dobson data and TOMS data for the period September 1996 to December 
1999 (Figure 6.11). The average ratio for Melbourne data to TOMS is 0.973 ±0.0279, 
while that for Brisbane is 0.988 ±0.0234. The reported accuracy between Dobson and 
TOMS data is ±1% [M cP eters an d  L abow , 1996], however an increase in the difference 
between TOMS and Dobson data with increasing southern latitudes has been previously 
noted [M cP eters a n d  L a b o w , 1996]. The difference has been suggested to be due to an 
incorrect climatological profile used in the TOMS retrieval algorithm for southern 
latitudes. Differences in calibrations for the two Dobson instruments could also in part 
account for the differences.
A scatter graph comparison of the TOMS and infrared data is presented in Figure 6.9. 
The correlation coefficient for the FTIR total column ozone results compared with 
TOMS data is 0.827. A linear regression to the data in Figure 6.9 indicates an increase 
in the difference between the TOMS data and the infrared retrieval with increasing total 
column ozone. The increase in difference between the two retrievals is 6.0% for an 
increase of 130DU in the total column retrieval. Figure 6.10 shows the comparison 
between the retrieved ozone from region 1 and region 2. The increasing bias with
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increasing total column ozone is greater for region 1 compared to region 2. For a similar 
comparison of Dobson and TOMS data (Figure 6.11) the correlation coefficient is 0.965 
for the Melbourne Dobson instrument and 0.944 for the Brisbane instrument. For both 
the Melbourne and Brisbane Dobson data, there is also an indication of an increase in 
the difference between the Dobson and TOMS data with increasing total column ozone 
(for Melbourne data: an increase of 1.27% for a change in total column ozone from 
250DU to 380DU; Brisbane data: a 1.28% increase). A similar increase in the difference 
between Dobson and TOMS data with increasing total column ozone has been 
previously reported (an increase of 1.6%, for an increase in total column ozone of 
250DU to 380DU). It has been suggested that this could be due, in part, to an incorrect 
climatological profile being used (Section 1.6.6 [M cP eters an d  L abow , 1996]).
For comparison purposes, the results of the retrieval using the monthly averaged profile 
where no vertical shift is implemented is given in Figure 6.12, along with the retrieval 
using vertical shift. A typical six month period, January to July 1998, is expanded to 
allow for an easier comparison. The average ratio, after pressure and offset correction, 
when a shifted profile is not used (0.920 ±0.067) is similar to when the shifted profile is 
used (0.924 ±0.052), however the use of a shifted profile resulted in a decrease in the 
scatter of the results. For much of the data the difference between the retrieval using 
vertical shift and the retrieval where shift is not implemented is not great. However, 
where the required vertical shift is high, the retrieval, compared with TOMS, is 
improved. Figure 6.13 shows the resulting vertical shift of the ozone maximum used in 
the analysis for each spectrum. The major shift direction is downward. This in part
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compensates for the difference in troposphere height between Wollongong and 
Melbourne.
6.7 Summary and Discussion
The average ratio of the retrieval of total column ozone from solar infrared spectra 
analysed in this work to the same day total column ozone retrieved by TOMS has been 
found to be 0.924 ±0.0524. A similar comparison between Dobson and TOMS data gave 
a ratio of 0.973±0.0279 compared to the Melbourne instrument and 0.988±0.0234 for 
the Brisbane instrument. The offset between the TOMS and infrared retrieval has 
several sources. The estimated systematic error for the analysis (6.5%, Section 4.1) is 
dominated by uncertainties in the HITRAN line parameters. The averaging kernel 
analysis shows the infrared analysis is insensitive to tropospheric ozone, whereas TOMS 
and Dobson instruments are reported to retrieve tropospheric ozone. Tropospheric ozone 
accounts for 10% of the total column ozone. As the instrumental lineshape is not 
included in the analysis algorithm, the algorithm will interpret any broadening of the 
line-shape as a downward movement of the ozone profile. This results in the analysis 
using a profile with an ozone maximum at a lower altitude to model the true ozone 
profile. Self apodisation of 10% results in an apparent vertical shift of 1km. This 1km 
vertical shift will lead to a 2% error in the retrieved total column ozone. The reported 
latitude dependence of the retrieved total column ozone from TOMS data ( [M cP eters  
a n d  L abow , 1996] and supported by the comparison of Melbourne and Brisbane Dobson 
instmments with TOMS data) means the TOMS retrieval is 2-3% higher than that of 
Dobson data. In other studies the infrared retrieval is most often compared to Dobson 
data, usually collected at or near the same site. A 2-3% difference between the Dobson
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and TOMS retrieval reduces the offset between the infrared retrieval from this work and 
Dobson data to 5-6%. This is comparable to, but still higher than previously reported 
offsets. For example D a v id  e t a l., [1993] reported an offset of -4.6% between the 
retrieval of total column ozone from spectra collected at Mauna-Loa and Dobson data, 
whereas R in slan d  e t a l., [1996] reported a -4% offset for retrieval from spectra collected 
at Lauder New Zealand compared with Dobson data.
The relative standard deviation of the ratio of the infrared ozone retrieval to TOMS data 
is 5.24%, compared to and for the Melbourne and Brisbane Dobson data. Again several 
factors will contribute to the two analyses returning varying total column ozone 
amounts. Again the insensitivity of the infrared analysis to tropospheric ozone, 
demonstrated by the averaging kernel means the infrared analysis will not detect changes 
in tropospheric ozone, whereas TOMS will. A major contribution to the error arises 
from errors in the a  p r io r i profile, with a 4% error in the retrieval resulting for every 
lkm vertical shift that the profile is in error. It also must be remembered that TOMS and 
the infrared instruments are not viewing the same atmospheric columns. The 
observations can be up to several hours apart, and may be separated by several hundreds 
kilometers.
The results from retrieval of total column ozone from the FTIR spectra will be discussed 
further in Chapter 8 , when the results are compared with the retrieval from the ultraviolet 
and visible spectra.
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Figure 6.1 Dependence of Retrieval on the signal to noise ratio in the Infrared Spectrum.
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Figure 6.3 shows the shift in wavenumber of the ozone absorption feature at 1163.422cm'1, as 
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Figure 6.2 Dependence of total column ozone retrieval on solar zenith angle. A: all spectra. B: only 
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Figure 6.5 C RMS noise in infrared spectra collected between March 97 and March 99. The 
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%Offset
Figure 6.6 Dependence of ratio IR retrieval to TOMS on zero level offset. Spectra were rejected 
when the offset was greater than 3%.
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Figure 6.8 Comparison of total column ozone from FTIR analysis and same day TOMS data; A 
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TOMS Total Column Ozone Retrieval
Figure 6.9 A Scatter graph of FTIR total column ozone retrieval and TOMS total column ozone 
retrieval. The heavy black line is the linear regression to the data and the dashed line is the 1:1 line.
Figure 6.10 Comparison of total column ozone retrieved from analysis region 1 and region 2. The 
solid black line is the linear regression to the data, and the dashed line is the 1:1 line.
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TOMS
Figure 6.11 C Scatter graph Dobson instrument ozone retrieval to TOMS data, blue 
Melbourne data, purple Brisbane data. The fit to the linear regression to the data is 
included. The 1:1 line is shown for comparison purposes.
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Figure 6.12 A. Comparison of total column ozone retrieval using shifted profiles (blue), profiles 
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7. Solar U ltraviolet and Visible Spectral Analysis Results
The following chapter presents the results from the analysis of the ultraviolet and visible 
spectra. It includes the results from the Langley and ratio-Langley calibrations of the 
spectrometers, as well as the results of the CLS retrieval of total column ozone from 
both the slopes of the Langley and ratio-Langley analysis and from the individual 
spectra. The total column ozone retrievals will be compared to same day TOMS data.
Data collection on the Ocean Optics spectrometers commenced in May 1996 but was 
sporadic during 1996 while the design of the input optics was developed. Regular data 
collection commenced in May 1997, although the development of the optical interface 
continued throughout 1997 and 1998. The results from the analysis of data collected 
between May 1996 and February 1999 will be presented here. Over the 3 years of data 
collection, data was collected on 320 days. Of these, 180 morning or evenings had 
potentially suitable atmospheric conditions to perform Langley and ratio-Langley 
calibration analysis (cloud free over the airmass range of interest), with data for 127 
mornings or afternoons being retained (based on the selection criteria outlined in 
Chapter 5). Atmospheric conditions tended to be more stable in the mornings, with 
conditions also tending to be more favorable in the autumn and winter months then in 
the summer and spring.
7.1 Results for the Analysis of Ultraviolet Spectra
The following section presents the results from the calibration of the ultraviolet 
spectrometer as well as the total column ozone retrieved from the slopes of the Langley 
and ratio-Langley analysis, and from the individual ultraviolet spectra.
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7.1.1 C a lib ra tio n
The results from the Langley and ratio-Langley analysis were determined to be suitable 
for calibration purposes based on the quality of the fit of the linear regression to the 
plots. Changing atmospheric conditions during the calibration period will impact on the 
data, resulting in increased scatter. The point at which data is rejected for calibration 
purposes is a balance between choosing only days with close to ideal atmospheric 
conditions, and retaining sufficient calibration data. The impact will be less for ratio- 
Langley data where the relative change in atmospheric conditions between X and Xref is 
important. The scatter in the calibration data will result in increased scatter in the 
retrieved SQ and So/Soref values, that is the y intercept of the linear regressions. A 
standard error of 0 .0 0 2  has been chosen to limit the scatter in the retrieved intercept to 
an acceptable level, while retaining sufficient calibration data (see section 5.7). The 
results for ln(S0), and ln(So/Soref) are presented in Figure 7.1 and 7.2 respectively. A 
table of the full results can be found in the appendix (Tables A2 and A3). Comparing 
Figure 7.1 and 7.2, the increased stability of the calibration using the ratio-Langley 
technique compared to the Langley technique is immediately evident by the decrease in 
scatter of the ratio-Langley intercept compared with the Langley intercept. From Figure
7.2, whereas the retrieved lnSG varies from 7.5 to 10 over the two year period, the 
retrieved ln(So/Soref) varies from - 0 .2  to +0 .2 . This scatter in ln(SQ), and ln(So/Soref) will 
be directly related to the scatter in the retrieved slopes from the two techniques, and 
therefore to the scatter in the retrieved total column ozone. The increase in scatter with 
decreasing wavelength for both lnS0 and lnSo/Soref has two possible sources. The ratio- 
Langley technique assumes that any changes in atmospheric composition will have a 
similar impact at Aref to that of X The validity of this assumption will decrease as the
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wavelength interval between A,ref and increases. Secondly, ozone absorption between 
320nm and 340nm increases with decreasing wavelength, and any changes in 
atmospheric ozone will have a greater impact at the shorter wavelengths, which will be 
reflected in the quality of both the Langley and ratio-Langley calibrations.
Also evident in Figure 7.2 are step changes in the value of lnSo/Soref, which are 
indicative of changes in the alignment of the optics of the ultraviolet system. For the 
final calibration of the instrument, the three years of data collection have been divided 
into five time intervals. The limits for each interval are given in Table 7.1(A), together 
with the average value for lnS0/S0ref, plus the standard error to a linear regression fitted 
to the data. The magnitude of the drift in the spectrometer calibration for each interval 
has been estimated by calculating the change in lnSo/Soref across the interval. The drift, 
tabulated in Table 7.1(B), is less than 1% per month for all intervals. Interval 3 is the 
only interval to give a negative drift. Using a monthly averaged calibration to retrieve 
total column ozone from the individual spectra is acceptable, as the error introduced into
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Figure 7.1 Retrieved lnS0 from Langley analysis of the ultraviolet data from June 1996 to 
March 1999, for the selected wavelengths.
Date
Figure 7.2 Retrieved IntSo/Soref) from Ratio-Langley analysis of the data, for the selected 
wavelengths (Reference wavelength 340.0nm).
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Intervall 14/05/97 3/08/97 -0.0628 0.0441 0.1031 0.0070 -0.0641 0.0259 -0.0556
Interval 2 6/08/97 12/10/97 -0.0040 0.0092 0.1187 0.0047 -0.0465 0.0049 -0.0604 0.0038
In te rva l 19/11/97 27/04/98 0.0514 0.0264 0.1439 0.0159 -0.0100 0.0121 -0.0315 0.0079
In te rva l 21/05/98 29/08/98 -0.1194 0.0227 0.0327 0.0196 -0.1142 0.0129 -0.0802 0.0115
Intervals 27/09/98 31/10/98 -0.1076 0.0204 0.0381 0.0170 -0.1044 0.0149 -0.0847 0.0070
B .  D R I F T  %
Over Per month Over Per month Over Per month Over Per month
interval interval interval interval
Intervall 14/05/97 3/08/97 1.82 0.73 1.53 0.61 2.21 0.88 1.50 0.60
Interval 2 6/08/97 12/10/97 1.52 0.68 2.36 1.05 1.99 0.89 1.39 0.62
In te rva l 19/11/97 27/04/98 -4.66 -0.89 -2.71 -0.52 -3.16 -0.60 -5.65 -1.08
In te rva l 21/05/98 29/08/98 3.36 1.03 2.84 0.88 3.04 0.94 1.88 0.58
Intervals 27/09/98 31/10/98 0.47 0.39 0.11 0.10 -0.31 -0.26 0.00 0.00
Table 7.1 (A). The averaged So/ Soref for each calibration time interval, along with the 
standard error for the linear fit to the data.
(B). The monthly “drift” in calibration for each time interval at the selected wavelengths.
7 . 1 . 2  O z o n e  R e t r i e v a l  f r o m  L a n g l e y  a n d  R a t i o  L a n g l e y  A n a l y s i s
The slope of the Langley and ratio-Langley plots returns the total optical depth of the 
atmosphere, averaged over the time of the calibration. Figures 7.3 and 7.4 shows an 
example of the retrieved total optical depth, with Rayleigh scattering removed, returned 
from the Langley and ratio-Langley analysis for the 30 May 1997. A synthetic 
atmospheric ozone absorption spectrum [M olina and M olina, 1986] is included for
comparison purposes.
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Figure 7.3. Retrieved slope, aerosol plus molecular optical depths, from Langley analysis from data 
collected on 30 May 1997, airmass range 2.0 to 3.0. (red). A synthetic atmospheric ozone spectrum 
is included for comparison purposes (blue) [Molina and Molina, 1986].
n a n o m e t e r s
Figure 7.4. Retrieved relative slope, aerosol plus molecular optical depths, from ratio-Langley 
analysis (reference wavelength 340.0nm) from data collected on 30 May 1997, airmass range 2.0 to 
3.0. A synthetic atmospheric ozone spectrum is included for comparison purposes (blue) [Molina 
and Molina, 1986].
Chapter 7 Page 201
Four CLS calibration regions (Table 5.1) were analysed and the results from the regions 
averaged to give the final ozone retrieval. The CLS analysis also returns the root mean 
square (rms) residual from the fit and a measure of the aerosol optical depth. The rms 
residual gives a measure of the quality of the CLS fit, and therefore gives an indication 
of the quality of both the model and the spectrum. Figure 7.5 shows the retrieved total 
column ozone from the ratio-Langley optical depth spectrum over the two years of data 
collection. Figure 7.6 and 7.7 show the apparent wavelength shift in the spectra and the 
residual from the CLS analysis. In Figure 7.5 it is immediately evident that for 
calibration intervals 2 and 3 the retrieved total column ozone, as a ratio to TOMS data, 
is lower than that for the remaining retrievals. From Figure 7.6 and 7.7 there is a 
corresponding increase in the wavelength shift, and an increase in the rms residual for 
the fit. Wavelength calibration for the spectrometer is carried out by comparison with 
Hg vapour lamp. The wavelength calibration has been found to be stable to within 1 to 2 
data points, ie 0.18nm. However the calibration does not test the optical fiber. In May 
1998 it was discovered that the optical fiber for the ultraviolet spectrometer had been 
damaged, and the fiber was replaced. The damage to the optical fiber resulted in an 
apparent wavelength shift of 0 .5  - 0 .6nm, a decrease in intensity of the spectrum and a 
loss of resolution (from a FWHM of 0.6nm to close to 1.25nm). For the calibration 
analysis where the CLS fit has required a wavelength shift greater than 3 data points 
(that is 0.18nm) to obtain a reasonable fit, the spectral shift has been corrected as part of 
A wavelength shift will result in an error in the calculated Rayleigh optical 
depth. Shifts of less than +0.1nm (correct wavelength -  shifted wavelength) result in a 
decrease in total column ozone retrieved from the slopes of the ratio Langley analysis of
less than 0.3%. For a shift of+0.6nm, the decrease in ozone retrieval is 2-3%. Whereas
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Figure 7.5 Total column ozone retrieved from ultraviolet optical depths.
Figure 7. 6 The change in shift in wavelength (nm) with date corresponding to the decrease in ozone 
retrieval to TOMS ratio.
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the wavelength shift in intervals 2 and 3 resulting from the damaged fiber have been 
corrected in the analysis, the corresponding decrease in intensity and loss of resolution 
results in a greater scatter in the retrieval and an offset to the retrieval. The retrieved 
total column ozone from the Langley and ratio-Langley slopes for intervals 2 and 3 has 
been discounted.
The total column ozone retrievals, ratioed to TOMS data, have been examined as a 
function of the residual, for aerosol optical depth and wavelength shift returned from the 
CLS fit, (Figures 7.8, 7.9 and 7.10 respectively) to determine any bias in the retrieval 
caused by the quality of the CLS analysis. Whereas there is an increase in the scatter of 
the retrieval with increasing residual, aerosol optical depth and shift there is no evidence 
for a bias in the retrieval. The comparison with the aerosol optical depth (Figure 7.9) 
shows that several of the calibrations were carried out under conditions of higher optical 
depth (greater than 0.05). Langley calibrations should not be carried out under 
conditions of high aerosol optical depth, and should be avoided if possible for ratio- 
Langley calibrations. These days have been removed from the final calibration.
For the final results for the retrieval of total column ozone from both the Langley and 
ratio-Langley analysis, retrievals have been rejected based on the rms residual exceeding 
0.005, or the aerosol optical depth greater than 0.05 (BW Forganpersonn el 
com m un ica tion ). Figure 7.11 shows the final results, over the three years of data 
collection, for the retrieval from both the Langley and ratio-Langley analysis as a ratio to 
TOMS data. The results are also tabulated in the appendix (Table A4). The averaged 
total column ozone compared to TOMS is 0.90 with a standard deviation of 4.7% for the 
retrieval from the Langley analysis and 0.89 with a standard deviation of 4.1% for the
Chapter 7 Page 204
ratio-Langley analysis. The results from the two analysis are similar, however the 
increased stability of the ratio-Langley technique resulted in total column ozone being 
retrieved from 75 data sets, compared with 53 for the Langley analysis. The retrieval of 
total column ozone in this work is based on the absorption cross-sections of Molina and 
Molina (1986). Both TOMS and Dobson algorithms use the absorption cross-sections of 
Bass and Paur (1995). The Molina and Molina cross-sections are reported to be 4 to 6% 
higher compared to the Bass and Paur data, accounting in part, for the difference in the 
averaged retrieval. The retrieved total column ozone from both the Langley and ratio- 
Langley optical depths, plus the same day TOMS data are shown in Figure 7.12. The 
ultraviolet total column ozone retrievals have been increased by 10% to allow for easier 
comparison with TOMS. The results are again included in the appendix (Table A4).
There is some evidence for an increase in the scatter in the total column ozone results 
over the data collection period. For the ratio-Langley analysis the averaged retrieval for 
the period 1996 to August 1997 is 0.91 with a standard deviation of 3.8%, compared to 
the period from July 1998 to February 1999 with the ratio to TOMS being 0.89 and a 
standard deviation of 5.1%. The increased scatter is believed to be due to an increase in 
the dust on the input optics resulting in increased scattered light entering the 



















Figure 7.7. Showing the change in rms residual with date and the corresponding increase in 
residual with decrease in ratio of the ozone retrieval to TOMS retrieval.
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Figure 7.9. The retrieved total column ozone, as ratio to TOMS data, from ratio-Langley analysis 
compared with retrieved aerosol optical depth.
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Fieure 7 12 Comparison of retrieved total column ozone from Langley (red) and ratio-Langley 
(blue) analysis and same day TOMS data (green) |Note: a 10% offset has been applied to the 
retrieval to aid in the comparison].
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7.2 Analysis of Individual Ultraviolet Spectra.
Total column ozone can be retrieved from the individual spectra by first retrieving the 
total optical depth spectrum r\ from the spectra such that
Z aw'T< 7.1
where S i is the intensity of solar radiation at wavelength X after attenuation by the 
atmosphere, and S0i  is the intensity of solar radiation at wavelength X incident at the top 
of atmosphere. As ratio-Langley calibrations have been used to estimate the intensity at 
the top of the atmosphere relative to a reference wavelength A,ref, S0i  in Equation 7.1 is 
replaced by S0i  / S0xref such that




The additional term of S0̂ ref will result in an offset in the total optical depth of-lnS0̂ ref 
This offset will be incorporated into the offset included in the CLS fitting algorithm.
As described in Section 7.11 calibration of the spectrometer by the ratio-Langley 
technique between April 1997 and March 1999 was divided into 5 time intervals, as 
determined by step changes in the value of S0̂ / S0̂ ref- To minimise any error introduced 
by using an averaged value for the S0\ /  S0i Kf, calibration intervals were further divided 
into approximate 4 week intervals and the average of S0>/ S0̂ ref calculated. Figure 7.13 
(A) shows an example of a typical spectrum collected in the ultraviolet region (collected 
at 12:00am on 30th May 1997). In Figure 7.13(B) is the corresponding ratio-Langley top 
of the atmosphere calibration spectrum, S J  Soref for May 1997, and in Figure 7.13(C) is
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the corresponding total optical depth spectrum derived from (A) and (B) per Equation 
7.1. Total optical depth can be expressed as
C l m > T > =  a m R ray le igh  T R ay le igh  +  61171 a e r o s o lT aeroso l +  61171 m o lecu lar T m o lecu la r  ?  * 2
Rayleigh optical depth (Equation 5.5), after adjusting for the observed atmospheric air- 
pressure, is readily subtracted from the total optical depth, ILamj,, to leave the combined 
molecular and aerosol optical depth. The total optical depth from Figure 7.1(C) less the 
Rayleigh optical depth is shown in Figure 7.13(D).
Figure 7.13 (A). A single spectrum, S, collected by the spectrometer at 12:00 on 30th May 1997 and 
(B) the corresponding ratio-Langley top of the atmosphere calibration spectrum, So/Soref, (C) the 
total optical depth spectrum retrieved from A and B per Equation 7.13; and (D) the total optical 
depth spectrum less the Rayleigh optical depth.
7.2.1 Retrieved Total Column Ozone
Slant column ozone is retrieved from the combined aerosol and molecular optical depth 
using the CLS algorithm as described in Section 7.12, with the slant column converted 
to the vertical column ozone with the appropriate molecular airmass. An example of a
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CLS fit, the optical depth retrieved from the single spectrum in Figure 7.13 is given in 
Figure 7.14. The single spectrum in the ultraviolet region is collected with an integration 
time of 500ms. The green trace is the measured spectrum, the blue trace is the CLS fit 
to the true spectrum, and the red trace is the difference between the two spectra.
Retrieved total column ozone from the individual spectra for a series of days (22nd to 
29th August 1997) is shown in Figure 7.15. The standard deviation of the retrieval, 
estimated on 5 minute averages of the data, from the spectra collected with 500ms 
integration is less than 1%, or 3DU. Daily variation in total column ozone is evident in 
Figure 7.15, with variations of up to 30DU within a day, and up to 50DU between 
consecutive days. The variations are consistent on consecutive days and with variations 
seen in TOMS. Allen and Reck (1997) reported, on average, variation within a day of 
18DU for latitude 35°S in July and August, while TOMS data suggests differences of 
60DU between consecutive days are possible.
_____ Residual. RMS
Figure 7.14. The CLS Fit for a single optical depth spectrum (aerosol plus molecular). Green is the 











































Figure 7.15. Total column ozone retrieved from the ultraviolet spectra (integration time 500ms) for 
the 22 to 29August 1998. The changes in total column ozone from the end of one day to the start of 
the next day are reasonable for this time of year and latitude. The maximum variation in total 
column ozone in 1 day is 30DU.
Chapter 7 Page 212
7.2.2 Averaged Spectra
To increase the signal to noise ratio and decrease the scatter in retrieved ozone, optical 
depth spectra (aerosol + molecular) collected over a 10 minute period were averaged 
(generally 20 spectra), and the corresponding average of the molecular airmass 
calculated. At airmass 3 and less, the change in airmass over 10 minutes is less than 1 %, 
and the error introduced into the airmass calculation by using an averaged airmass will 
be less than 0.5%. A comparison of the retrieved total column ozone from an averaged 
spectrum, and the individual spectra for one day (30 May 1997) is given in Figure 7.16, 
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Figure 7. 16. Comparison of total column ozone retrieved from individual spectra (blue) and from 
spectra averaged over a 10 minute period (red) showing the decrease in scatter in the retrieval by 
averaging spectra.
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7.2.3 Sources of Error
The following section aims to identify the sources of error in the retrieval of total 
column ozone from the ultraviolet spectra and to estimate the impact of any errors on 
the retrieval. For many sources of error, this cannot be done directly, and an estimate 
based on “reasonable” parameters must be made. The estimation of SQ and So/Soref is 
recognised to be the greatest source of error [F organ , 1987b], with several other errors 
also limiting the accuracy of the retrieval.
7.2.3.I. Error in So/Soref
According to Equation 7.2, a negative error in So/S0ref at wavelength X will result in a 
decrease in the retrieved optical depth at X . If the error in So/Soref is constant with 
wavelength, the error in the retrieved optical depth will be constant, resulting in an 
offset to the optical depth spectrum. In the CLS fit this offset will, to some extent, be 
absorbed into the offset incorporated into CLS calibrations, and the error in the retrieved 
total column ozone will be reduced. However, in most cases the magnitude of the error 
in So/Soref increases with increasing wavelength shift from XTe{. This means that for the 
ultraviolet spectra (A,ref — 340nm), the error in So/S0ref will tend to increase with 
decreasing wavelength. In this case, with a negative error in So/Soref? the corresponding 
decrease in optical depth will be greatest at shorter wavelengths. In this spectral region 
the absorption coefficient for ozone increases with decreasing wavelength, and so the 
CLS fitting routine will interpret a decrease in optical depth at shorter wavelengths 
compared to the longer wavelengths as a reduced total column ozone amount. 
Conversely a positive error in So/Soref> with the magnitude of the error increasing with
decreasing wavelength, will be interpreted as a higher total column ozone.
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A 1.5 % decrease in the retrieved S/Sref at 327nm, reducing to 0% at 340nm (Xref), will 
result in a 10% decrease in the retrieved total column ozone. In contrast a 1% decrease 
in So/Soref which is close to constant at all wavelengths results in a 0.5% decrease in the 
retrieved ozone.
The error in the retrieved total column ozone due to scatter in S/Sref has been estimated 
from the scatter in the retrieved values of S/Sref to be ±2.5%.
7.2.3.1.1. D rift in ca libra tion
For each time calibration interval, an estimate of the So/Soref has been calculated by 
averaging the retrieved So/Soref spectra from that interval, with usually up to ten spectra 
being averaged (see section 7.1.1). Averaging individual spectra will reduce the error in 
the estimated spectrum. The drift in So/Soref over each calibration interval has been 
estimated to be less than 1%, with the drift being nearly constant with wavelength (see 
Chapter 5). Therefore the error in the estimated So/Soref spectrum due to drift in the 
spectrometer will be constant with wavelength, and is estimated to be around 0.5%, with 
the expected error in the retrieved total column ozone being less than 0.5%. Any error in 
the estimated So/Soref spectrum will introduce a systematic error into the corresponding 
ozone retrievals. The magnitude of the systematic error varies between estimated 
So/Soref spectra, resulting in step changes in the retrievals between calibration intervals.
7.2.3.1.2. Changes in a tm ospheric  com position .
Errors can be introduced into both Langley and ratio-Langley analyses by changes in the 
atmospheric composition. In the ultraviolet region changes in atmospheric composition
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will be dominated by changes in atmospheric aerosols. Both Langley and ratio-Langley 
analysis assume that changes in attenuation of solar radiation are due to only changes in 
airmass. This assumes that, for Langley analysis, the aerosol optical depth remains 
constant over the calibration period, and for the ratio-Langley analysis, that aerosol size 
distribution remains constant. In the Wollongong region the aerosol optical depth tends 
to be low in the early mornings, increasing through the morning. An increase in the 
aerosol optical depth with decreasing airmass will result in an enhanced attenuation at 
lower airmass. This will lead to downward curvature in the Langley and ratio-Langley 
plots. For ratio-Langley analysis the impact of a change in the aerosol composition will 
increase with increasing distance from 7,ref. Due to the build up in aerosol through the 
day, mornings tend to be favoured for Langley and ratio-Langley calibration, and the 
errors in the retrieved So/Soref due to changes in aerosol loading are dominated by a 
decrease in So/Soref, and a corresponding decrease in total column ozone retrieval. The 
error arising from changes in atmospheric conditions is difficult to quantify. However 
the impact has been minimised by rejecting contaminated calibrations by restricting the 
standard error of the linear regression of the calibrations to less than 0.002.
7.2.3.1.3. Scattered Light.
The rate at which radiation is attenuated by an increase in airmass increases with 
decreasing wavelength of the radiation. That is, the same increase in airmass has a 
greater impact on the attenuation of the radiation at shorter wavelengths compared with 
longer wavelengths. In a grating spectrometer, scattered light in the spectrometer will 
add a second component of radiation at the detector. However for scattered light, as the 
airmass increases the intensity of scattered light will decrease with the integrated
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intensity of the scattered light. This means that, for the shorter wavelengths of the 
dispersed radiation, the intensity of the dispersed radiation will decrease faster than that 
of the scattered light, whereas at longer wavelengths the intensity of the dispersed 
radiation will decrease slower compared to the scattered light. At shorter wavelengths, 
scattered light results in a relative increase in the radiation reaching the detector at high 
airmass compared to low airmass, and, at longer wavelengths, a relative decrease in the 
radiation at the detector at high airmass compared to low airmass. At short wavelengths 
this leads to an apparent decrease in the slope of the ratio-Langley plot and a 
corresponding decrease in the retrieved S 0/S 0ref, and at longer wavelengths, an apparent 
increase in the slope of the ratio-Langley plot and an increase in the retrieved So/Soref- 
The error at shorter wavelengths will dominate that at longer wavelengths. Scattered 
light will be therefore add a systematic error to the retrieved total column ozone that will 
predominately reduce the total column ozone retrieval. The impact of scattered light on 
the retrieval of total column ozone has been estimated by assuming that at 340nm the 
change in intensity of the scattered light with airmass will be the same as that of the 
dispersed light. A 1% increase in signal, S, at 340nm due to scattered light will have a 
corresponding 1.7% increase in S at 320nm at airmass 2 and a 2.4% increase at airmass 
3.
Scattered light that is 1% of S at 340nm is estimated to result in a 2.5% decrease in the 
retrieved total column ozone from the individual spectra.
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7.2.3.2. Error due to Wavelength Shift
A shift in the wavelength of the ultraviolet spectrum can lead to an error in two ways. 
Rayleigh optical depth is dependent on wavelength such that, between 320 and 340nm, a 
0.06nm shift in wavelength (true wavelength -  shifted wavelength), that is one data 
point, will result in an error in Rayleigh optical depth of 0.1% at airmass 1, increasing to 
3% at airmass 3. The error is such that a 0.6nm shift in wavelength (10 data points) will 
introduce a 2-3% decrease in the retrieved ozone.
Spectrometer wavelength errors have been limited by calibration against a mercury 
vapour lamp to less then 3 data points or less then 0.2nm. The error introduced by a 
wavelength shift (for example due to damaged fiber) has been minimised by correcting 
all shifts greater than 3 data points (0.18nm) to within 1 data point (0.06nm), limiting 
the error in the retrieval to less than 0.3%
7.2.3.3. Error due to Absorption Cross-section
In this work the absorption cross-sections of Molina and Molina (1986) have been used. 
Both TOMS and Dobson instruments use the absorption cross-sections of Bass and Paur 
(1985) which, above 325nm, are 4 to 6% higher compared to that of Molina and Molina 
(Daumont,1992). This will introduce an offset to the total column ozone retrievals.
7.2.3.4. Error in Airmass calculations
For the individual spectra the time used to calculate the airmass is correct to within 1 
minute. This will introduce minimal error into the airmass calculation. The use of a 10 
minute averaged airmass will introduce an error around 0.5% at airmass 3 to the
retrieved ozone.
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7.2.3.5. Error Due to Signal to noise ratio in Spectra.
To minimise the error introduced by a decreasing signal to noise ratio, spectra were 
rejected for analysis when the intensity of spectrum at 330nm was less than 1000 counts 
(a maximum signal to noise ratio of 100, as estimated from several spectra). This 
rejected spectra collected at airmass values greater than 3. For the retrieval from the 
spectra averaged over a 10 minute period or the individual spectra, total column ozone 
retrievals were rejected when the rms spectral residual exceeded 0.025. This rejected 
distorted or cloud affected individual or averaged spectra.
Table 7.3 summarises the estimated errors in the retrieval of total column ozone from 
the ultraviolet spectra. A random error of 2.7% and a systematic error of 6.4% has been 
estimated. Random errors are predominately due to scatter in the retrieved So/Soref • The 
systematic errors are dominated by errors in the molecular absorption cross-sections and 
by errors in S0/S 0ref due to scattered light in the spectrometer. Both the error in the 
absorption cross-section and the scattered light will result in a decrease in the retrieved
total column ozone.
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Table 7.3 Summary of estimate of errors in the retrieval of total column ozone from
ultraviolet spectra. Note the total error is calculated as the ^  <yj(errori )2
/
7.2.4 Comparison with TOMS same day retrieval
TOMS data are recorded near local noon each day. To compare the retrieved total 
column ozone from the ultraviolet spectra with same day TOMS retrieval, the retrieved 
total column ozone from spectra collected between 11:00 and 13:00 were averaged. A 
total of 150 predominately cloud free days between April 1997 and February 1999 have 
been analysed and compared with TOMS data. The results, including the calibration 
interval used, are presented in the appendix in Table A5. Several points can be noted. 
The averaged ratio of the ultraviolet retrieval to TOMS retrieval for calibration interval
1,4 and 5 (January 1997 to August 1997, April 1998 to January 1999) is 0.85 with a 
standard deviation of 2.6%. After June 1998, an increase in the scatter in the retrieval is 
evident with a standard deviation of 3.6% for the period June 1998 to January 1999. 
This corresponds to an increase in the scatter of the retrieval from the slopes of the 
Langley and ratio-Langley plots, and is believed to be due to an increase in dust on the
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optics. The damaged optical fiber, August 1997 to April 1998, calibration interval 2 and 
3, resulted in both an increase in the scatter in the retrieval and in an offset in the 
retrieval. For calibration region 2, the ratio to TOMS is 0.77 with a standard deviation of 
4.5%, and for interval 3 the ratio is 1.1 with a standard deviation if 5.5%.
The consistency of the results when the system is in near optimum condition (interval 1, 
4 and 5) has demonstrated the stability of the system and the ozone retrieval. A 
percentage standard deviation of 2.6% for a retrieval ratio to TOMS is comparable with 
the standard deviation returned for the comparison of the Melbourne and Brisbane 
Dobson instruments with TOMS (Chapter 6). The ratio of the retrieval from the 
Melbourne instrument and TOMS was 0.973 with a standard deviation of 2.8%, while 
that for the Brisbane instrument was 0.988 with a standard deviation 2.3%. The scatter 
graph in Figure 7.17 compares the TOMS O 3 retrieval with the ultraviolet O 3 retrieval 
for calibration intervals 1, 4 and 5. The correlation coefficient is 0.9014. A similar 
scatter graph for the Melbourne and Brisbane Dobson instrument returned a correlation 
coefficient of 0.965 and 0.944 respectively (see Figures 6.12). As with the infrared 
retrieval, the ratio of the ultraviolet retrieval to TOMS data decreases with increasing 
total column. A linear regression to the scatter graph in Figure 7.17 indicates an increase 
in the difference in retrieval from the ultraviolet spectra and the TOMS data of 3.8% for 
an increase in total column ozone from 250DU to 380DU. This is higher than the 
dependence found between Dobson and TOMS data for the same ozone range (1.3%) 
but lower than that found for the infrared data (6.0%).
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In Figure 7.18 the ultraviolet 0 3 retrieval is compared with TOMS 0 3 retrieval for the 
period April 97 to February 1999. The ultraviolet 0 3 retrieval has been increased by a 
15% correction factor to aid in the comparison. The increased scatter in the retrieval 
after July 1998 is evident. The ultraviolet retrieval tracks the TOMS data well, with the 
ozone seasonal cycle clearly evident as is the lower ozone retrievals in winter 1997 
compared with 1998. As a further comparison the ratio of the ultraviolet retrieved total 
column ozone to TOMS retrieval is presented in Figure 7.19. In both Figures 7.18 and 
7.19, data from calibration intervals 2 and 3, corrected for the offset introduced by the 
damaged optical fiber, are included for completeness (green triangles).
The average of retrieved total column ozone from the individual spectra is low 
compared to that of the slopes of the Langley and ratio-Langley plots, with the averaged 
ratio of 0.90 compared with 0.85 for the individual spectra. This will in part be due to 
the error in the ratio-Langley plot having less impact on the slope of the plot than on the 
retrieved So/Soref- The higher scatter in the retrieval from the slopes will be in part due to 
comparing morning and evening retrieval with the TOMS data collected at midday. The 
estimated random error for the retrieval from individual ultraviolet spectra is 2.7%, 
consistent with the scatter in the data when compared with TOMS data. The estimated 
systematic error of 4.2%, is predominately due to differences between the molecular 
absorption cross-sections used here and in the TOMS retrieval, and to error in So/Soref 
due to changes in atmospheric composition and scattered light.
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Figure 7.17. Scatter graph comparing total column ozone retrieved from ultraviolet spectra and 
TOMS. The correlation coefficient is 0.9014. The linear regression to the data is marked in heavy 
black. For comparison the 1:1 line is included (lighter black). A bias in the retrieval with increasing 
ozone levels is evident.
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Figure 7.18. The ratio of ultraviolet retrieved total column ozone to TOMS retrieval for 1997 and 
1998. The retrieval from calibration intervals 2 and 3 (green triangles) is included for completeness. 
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Figure 7.19. The retrieved total column ozone from the ultraviolet spectra (blue) and the TOMS 
data (red) for 1997 and 1998. The retrieval from calibration intervals 2 and 3 (green triangles) is 
included for completeness. The ultraviolet retrieval tracks the TOMS data well, with the ozone 
seasonal cycle clearly evident as is the lower ozone retrievals in winter 1997 compared with 1998.
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7.3 Results from Analysis of Visible Spectra
7.3.1 Calibration
As for the ultraviolet spectra, Langley and ratio-Langley analyses in the visible region 
were carried out on data collected on 180 mornings or evenings. Of these, 80 analyses 
were retained for calibration purposes, based on the standard error of the linear 
regression to the plots being less than 0.002. The results for lnS0/S0ref and lnS0 are 
presented in the appendix (Table A7) and below in Figure 7.20 and 7.21 respectively. 
Again the increase in stability of the lnSo/Soref from the y intercept of the linear 
regression to the ratio-Langley analysis compared to the Langley analysis is evident.
The calibration over the full analysis period is relatively stable with a standard 
deviations of less than 3% at 592 and 612nm over the full calibration interval. The 
scatter in the value of lnS0/S0ref, increases with increasing wavelength distance from A,ref 
(750nm). In particular the total optical depth at 590nm and 612nm is influenced by 
molecular absorption by water vapour and ozone, so any changes in the atmospheric 
content of either component will impact upon the quality of both the Langley and ratio- 
Langley analysis.
The calculated slope of the Langley and ratio-Langley plots is presented in Figure 7.22 
and 7.23. Again the increase in scatter in the total optical depth at 612 and 590nm is 
evident, most likely due to changes in atmospheric ozone and water vapour during the 
observation period.
Chapter 7 Page 225
For the visible analyses, the data for the full time span has been divided into three 
periods, as tabulated in Table 7.4. The drift in the visible spectrometer, tabulated in 
Table 7.4B is less than 0.1% per month for time intervals 1 and 3 and less than 1% per 
month for time interval 2. Although the limited “drift” in the spectrometer justifies 
using one calibration, the division of the data reflects changes in the configuration of the 
input optics to the spectrometer. To determine the final calibration a linear fit has been 
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Figure 7.20 Retrieved In(So/Soref) from ratio-Langley analysis of the visible total optical depths 
(reference wavelength 750nm)
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Figure 7.23 Retrieved slope/sloperer (relative total optical depth less Rayleigh optical depth) from 
ratio-Langley analysis (reference wavelength 750nm)





Figure 7.24. Calibration time intervals from ratio-Langley analysis for visible photometer
Chapter 7 Page 229









interval 1 28/04/97 20/05/97 1.6957 -0.0095 1.5225 -0.0126 0.4929 -0.0358 -0 .4814 -0.0243
interval 2 30/05/97 30/07/97 1.7379 0.0175 1.5296 0.0110 0.6480 0.0337 -0 .4569 0.0099
in te rva l 20/01/98 24/10/98 1.7403 0.0585 1.5074 0.0429 0.4570 0.0109 -0 .5544 0.0117










interval 1 28/04/97 20/05/97 0.01 0.01 -0.03 -0.03 0.01 0.01 0.68 0.68
interval 2 30/05/97 30/07/97 -1.62 -0.81 -0.69 -0.35 6.79 3.40 -1.17 -0.59
interval3 20/01/98 24/10/98 0.10 0.01 -0.57 -0.06 -0.94 -0.09 0.89 0.09
Table 7.4 A Averaged lnS/Soref and standard error from ratio-Langley analysis for the selected 
wavelengths. B. Drift in calibration for the time intervals as determined by ratio-Langley 
analysis
7.3.2 Retrieval of Total Column Ozone
The retrieval of total column ozone from the visible spectra is more difficult than from 
the ultraviolet spectra due to the atmospheric molecular absorption by a number of 
species. Ozone absorbs radiation weakly between 450 and 750nm, where molecular 
absorption is dominated by water vapour, O2, and the O2-O2 dimer. The deconvolution 
of the molecular optical depth is made more difficult by the strength of the absorption 
by water, which tends to saturate and not obey the Beer-Lambert law.
Three CLS regions were analysed in the visible spectral region as outlined in Chapter 5, 
with the regions being chosen to avoid the very strong oxygen and water bands. The 
results for the three regions were averaged to give the final total column. Total column 
ozone was retrieved from the optical depths calculated by the Langley and ratio-Langley
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analysis. The rms residual returned by the CLS fit was used as an indication of the 
quality of the CLS fit and indirectly as an indication of the quality of the spectra. A 
comparison of the total column retrieval, as a ratio to the same day TOMS data, with 
residual and wavelength shift was also used to determine any bias in the results 
introduced by the CLS fitting routine (Figure 7.25 and 7.26). For the final analysis the 
results are rejected where the rms residual is greater than 0.005. This rejected poor 
quality spectra, while retaining a reasonable number of spectra for analysis. From 
Figures 7.25 and 7.26, the poor quality spectra, as determined by the rms residual are 
associated with high, negative wavelength shifts. As with the ultraviolet spectrometer, 
the wavelength calibration of the visible spectrometer was carried out by comparison 
with a mercury vapour lamp. Again the spectrometer demonstrated wavelength stability 
to within 3 pixels or 1.5nm. The CLS routine returned higher wavelength shifts when 
compared to the ultraviolet analysis. Based on the evidence, a large calculated shift is 
not likely to be due to a physical change in the spectrometer but rather an artefact of the 
fitting procedure. Such shifts can be readily caused by additional absorbing species that 
have not been included in the fit.
The results from the total column ozone retrieval from the time averaged optical depth 
for both the Langley and ratio-Langley analysis is shown in Figure 7.27, along with the 
same day TOMS data. Figure 7.28 shows the retrieval as a ratio to the same day TOMS 
data. The average ratio to TOMS was 1.01 for the ratio-Langley analysis and 0.97 for 
the Langley analysis with standard deviation of 8.4% and 10.4% respectively. Again the 
results from Langley and ratio-Langley analysis were similar with the Langley analysis 
retrieval showing greater scatter. As with the retrieval from the ultraviolet spectra, the 
scatter in retrieval increased after July 1998, with the retrieval for 1997 early 1998 being
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1.01 with a standard deviation of 5.4%, whereas from July 1998 the retrieval decreased 
to 0.95 of TOMS data with a standard deviation of 11.7%. Again this is consistent with 
the spectrometers being operated with increased levels of dust on the optics.
In Figure 7.27 the retrieval from the slopes of the Langley and ratio-Langley analysis 
tracks the TOMS data, however the scatter in the ratio with TOMS data is greater than 
that from the retrieval from the ultraviolet ratio-Langley analysis (8.4% compared with 
4.7%).
The low standard error in the retrieved value for S 0/S 0ref (<0.06 over 10 months) 
demonstrates the stability of the instrument at visible wavelengths. There are several 
reasons why the retrieval is more stable at longer wavelengths. At visible wavelengths 
the impact by aerosols will be less compared with ultraviolet wavelengths. Also there is 
greater solar radiation intensity at the longer wavelengths, particularly at higher 
airmasses. For example at airmass 1.8, solar intensity, S, at 325nm is 75% of that at 
600nm, while at airmass 2.2 this decreases to 50%. The greater intensity means higher 
airmass can be used in the calibration. This results in a greater change in airmass over 
the same time span, and a lower error in the extrapolation to zero airmass.
However, between 500 and 700nm the optical depth is dominated by strong absorption 
by water vapour and oxygen, with very weak absorption by ozone. The ozone absorption 
coefficient at 600nm is only one third of the absorption coefficient at 325nm. The result 
is a greater error in the CLS fit and hence in the ozone retrieval for the visible spectra 
compared with the ultraviolet spectra.
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The scatter graph of the visible retrieval to TOMS data (Figure 7.29) shows a similar 
dependence of the ratio of the ozone retrieval and TOMS data on the total column ozone 
amount that was noted in the ultraviolet ozone retrieval. In a similar scatter graph 
(Figure 7.30) comparing the retrieval from the slopes of ultraviolet and visible 
calibration slopes there is some evidence for bias in the retrieval from the two regions, 
with the visible retrieval being low compared with the ultraviolet retrieval at higher 
ozone vertical columns.
As the precision in the retrieval for the visible spectra is substantially less than that of 
the ultraviolet, the retrieval from the visible data has not been pursued further at this 
time.
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Figure 7.26. Comparison of the wavelength shift with the retrieval of total column ozone from the 
visible Langley analysis.
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Figure 7.29. Scatter graph of TOMS data as a function of the retrieved total column ozone from 
visible total optical depth, from ratio-Langley and Langley calibration. The heavy black line is the 
linear regression to the data and the lighter black line indicates the 1 : 1  line.
F' e 7 30 Scatter Graph of the retrieved total column ozone from the slopes of the ratio- 
Langley plots from the visible and ultraviolet (with 10% offset) calibration.
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8. C om parison o f  Total C olum n O zone R etrieval.
In the previous chapters the results from the retrieval of total column ozone from both 
the infrared and ultraviolet data are reported and compared with TOMS data. In this 
chapter the results from the retrieval from the infrared, ultraviolet and visible spectra 
will be compared. The averaging kernel analysis (Chapter 4) highlighted the lack of 
sensitivity of the infrared retrieval from the selected spectral intervals to changes in 
tropospheric ozone. The averaging kernel analysis for the ultraviolet and visible retrieval 
is close one at all altitudes. That is, the retrieval is not sensitive to the altitude at which 
changes in ozone occur. This results in a more accurate total column ozone retrieval, but 
the retrieval will not contain any information on the vertical distribution of ozone.
All methods that retrieve atmospheric ozone will sample the atmosphere in different 
ways. This is highlighted by the different averaging kernels for each method. It is not 
correct to directly compare the retrieval from two methods with vastly different 
averaging kernels with out first making allowances for the averaging kernel [R insland e t 
a l, 2000]. C onner e t a l [1994] used the smoothing term of Equation 4.7 to degrade the 
vertical resolution of one technique to match that of the second technique so the two 
methods could be directly compared. Taking only the smoothing term of Equation 4.7, 
and ignoring the bias and the retrieval error terms, gives
x  = x a +  A (x -x a) 8 1
The convolved profile, x  c, is obtained by substituting the higher resolution 
measurement, Xh for x, [C onner e t al, 1994] such that
X  c =  X a + A (Xh~Xa) 8.2
Chapter 8 Page 238
This will return the retrieval from the technique with the higher resolution profile, had 
the technique used the lower resolution profile. This allows for direct comparison of the 
two techniques without bias by resolution or a  p r io r i  [C onner e t a l, 1994].
The averaging kernel for TOMS retrieval and for the ultraviolet and visible retrievals are 
expected to be similar, and, therefore the results from the three techniques can be 
directly compared. However for the infrared and TOMS retrieval, a process similar to 
Equation 8.2 should be carried out before quantitative conclusions about the differences 
in the two retrievals can be made [C onner e t a l 1994, R insland  e t a l 2000].
In this chapter it is this complementary information available in the infrared analysis and 
the ultraviolet and visible analysis that is utilised to retrieve some vertical information.
A comparison of the results from the retrieval of total column ozone from the infrared 
spectra, the ultraviolet spectra (from the slopes of the Langley and ratio-Langley plots 
and from the individual spectra) and the visible spectra (from the slopes of the Langley 
and ratio-Langley plots) can be found in the appendix in Table A9. The infrared 0 3 
retrieval is 8% less than that of TOMS. TOMS retrieval has been estimated to be 2-3% 
higher than that of Dobson data at southern latitudes [M cPeters a n d  L a b o w , 1996], 
reducing the offset between the infrared retrieval and Dobson retrieval to 5-6%. The 
systematic error in the infrared retrieval is estimated as 6 .5%, with the major 
contribution being errors in the absorption cross-section used for the two retrievals. Part 
of this offset will also be due to the lack of sensitivity of the infrared analysis to the 
tropospheric ozone. The standard deviation of the comparison of the total column ozone
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retrieved from infrared spectra and from same day TOMS data is 5.4%, compared with 
an estimated random error of 5.3%. The major contributions to this error is the use of an 
incorrect assumed vertical ozone profile in the forward model of the retrieval algorithm, 
estimated to be 4% for each kilometer that the vertical profile is in error, and not 
including the instrument line-shape in the analysis. The scatter in the comparison of the 
infrared retrieval and TOMS data will also be increased by the lack of sensitivity of 
infrared analysis to changes in tropospheric ozone, and by time difference between the 
two observations.
The retrieved total column ozone from the ultraviolet spectra was 15% less than that of 
TOMS data. Again the main contributor to this offset is expected to be differences in the 
absorption cross-sections used in the two methods, and scattered light in the instrument. 
The standard deviation of the comparison of the TOMS and ultraviolet data, collected 
close to noon, was 2 .6 %.
The difference between TOMS and the data collected at Wollongong is also influenced 
by geographic differences between the observations, with the observed atmospheric 
columns possibly being greater than several hundred kilometers apart.
The ultraviolet spectra provide a continuous record of total column ozone through the 
day, with less than 1 second of sunshine required to obtain a spectrum. The continuous 
record provided by the ultraviolet spectra allows daily variations in ozone to be 
identified and to be followed on consecutive days. For data collected when the sun is not 
obscured by cloud, the precision of the ultraviolet 0 3 retrieval is comparable to that of
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Dobson instruments, and provides a measure of changes in total column ozone, with an 
expected random error of 2.7%.
Figure 8.1 compares the retrieved ozone from the infrared spectra with that from the 
individual ultraviolet spectra for one day, 30 May 1997. The day was predominately 
cloud free and the infrared spectrometer was operated only in the spectral region of 
interest (NDSC filter 6 ), collecting a spectrum every 20 minutes. Some daily variation in 
the total column ozone is observed in the ultraviolet data, with the ozone amount 
increasing through the day. The retrieved ozone from the infrared spectra tracks the 
ultraviolet retrieval well, with slightly lower increase in total column ozone during the 
day.
The ratio of the infrared to ultraviolet retrievals from 1997 and 1998 is presented in 
Figure 8.2. The ultraviolet data is compared with infrared data collected within 30 
minutes of the ultraviolet data. The ratio of retrieval from the infrared spectra to that 
from the ultraviolet spectra is 1.1 with a standard deviation of 6.4%. In Figure 8.2, 
comparing data from 1997 and 1998, an increase in both the offset between the two 
retrievals, and the standard deviation of the ratio of the two retrievals can be noted. 
Figure 8.3 compares the retrieved total column ozone from the ultraviolet data with that 
from the infrared spectra for 1997 and 1998. Comparing the figures, there is a 
corresponding increase in total column ozone in winter 1998 (Figures 8.3) with the 
increase in the offset and the standard deviation of the ratio of the two retrievals
(Figures 8.2).
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Figure 8.1 Comparison of retrieved total column ozone from infrared spectra (green square), 







Figure 8.2 Ratio of retrieved total column ozone from infrared spectra to ultraviolet retrieval. The 
averaged ratio is 1.10 and the standard deviation of the ratio is 6.4%. The ultraviolet total column 
ozone is retrieved from spectra averaged over a 10-minute period and are compared with retrieval 
from infrared spectra collected within 20 minutes. Ultraviolet spectra collected during calibration 
period 2 and 3 are included as the green triangles.
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Figure 8.3 Comparison of retrieval from ultraviolet spectra (lOminute averaged spectra), (blue 
diamond) and infrared spectra (red diamond). Ultraviolet spectra collected during calibration 
period 2 and 3 are included as the green triangles.
Because of differences in sensitivity to tropospheric ozone, differences in the retrieval 
from the infrared and ultraviolet spectra should distinguish between changes in 
tropospheric and stratospheric ozone. With the error in the infrared retrieval estimated to 
be 5.3% and that in the ultraviolet to be 2.7%, to detect a change in tropospheric ozone 
from the difference in the retrievals from the two methods a change of greater than 5.8% 
of the total column ozone is required. Tropospheric ozone is 10% of the total column 
ozone, therefore, based on the uncertainty in the infrared analysis, a change greater than 
60% in tropospheric ozone is required before the difference is observed. From the 
ultraviolet data, daily changes in ozone of up to 40DU, or 15% of the total column 
ozone are observed. The variation in ozone could either be of tropospheric or 
stratospheric origin. Figure 8.3 compares the retrieved total column ozone from the
♦ infrared retrieval 
o UV retrieval
A
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ultraviolet spectra with that from the infrared spectra for a series of days, including the 
25 August when the change in total column ozone is 25DU, or 12% of the total column 
ozone. With the infrared data points available for that day (3 data points) the change in 
retrieval from the infrared spectra is not well defined, however, a corresponding change 
in the infrared retrieval is not evident, indicating the change is possibly of tropospheric 
origin. Looking at changes in total column ozone from day to day, the large inter-day 
change in the ultraviolet data is not reflected in the infrared data. Whereas the averaged 
total column ozone retrieved from the infrared data remained close to 285DU, dropping 
to 265DU on the 27th and 28th, the ultraviolet retrieval varied from 240 to 290DU. Again 
this may indicate the changes in total column ozone may be due to changes in 
tropospheric ozone. Ozone sondes are the most reliable method for retrieving free 
tropospheric ozone and vertical column distribution of ozone. Unfortunately ozone 
sonde data is not available for the Wollongong region, and suggested changes in 
tropospheric ozone are difficult to confirm. Increasing the frequency of the collection of 
infrared spectra can reduce the error in the infrared data. During 1997-1998, one 
spectrum in the infrared spectral region of interest was collected per hour. Cloud often 
obscured the sun rendering the spectrum unsuitable for analysis. Generally only a 
maximum of four spectra a day are suitable for analysis, and on many days only one or 
two spectra are suitable for analysis.
As stated above one of the major contributions to the random error in the infrared 
analysis is the uncertainty in the ozone vertical profile used in the forward model of the 
analysis, contributing an estimated error of 4% of the total error of 5.3%. With the 
optical interface and spectrometers operating at optimum performance, the total column
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ozone retrieval from the ultraviolet spectra has been shown to be well defined, with an 
error of 2.7%. In the infrared model, rather than constraining the ozone vertical profile 
and retrieving the total column ozone, it is therefore feasible to restrain the total column 
ozone using the ultraviolet information, and to retrieve an ozone vertical profile.
The second major error in the infrared analysis is the modeling of the instrument line 
shape. In this work the spectrometer is assumed to be “well aligned” and to be stable. 
Any contribution to the spectral line shape from misalignment of the instrument is not 
taken into account in this analysis. Any contributions to the spectral line-shape from the 
instrumental line shape will be incorporated into the estimate of the ozone profile, with 
a broadening of the instrument line-shape being interpreted as a downward shift in the 
vertical profile [N otholt e t a l, 1995]. Work is continuing on stabilising the instrument’s 
alignment and accurately modeling the line shape of the infrared spectrometer 
[B ernardo , 2001]. Once this is complete, it is feasible to retrieve the ozone vertical 
profile using the complementary information available from the two techniques, that is 
the total column amount from the ultraviolet spectrum, and vertical profile information 
from the infrared spectrum. This is only possible if the two spectra are collected 
concurrently while viewing the same atmospheric column. With a 2.7% error in the total 
column ozone from the ultraviolet spectra, and with minimal error from the instrument 
line shape, the error in the retrieved vertical profile is estimated to be 3.8%. Recent 
improvements in the design of the Ocean Optics spectrometer, increasing the 
photodiodes to 2048, increasing the sensitivity of the diodes, and installing a separate 
aperture (in the present design the aperture is defined by the optical fiber) has increased 
the sensitivity of the spectrometer. This gives the potential to reduce the error in the
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ozone retrieval from the ultraviolet spectra further. Information on the total column 
ozone amount is also available from the visible spectra. The greater intensity of solar 
radiation in the visible region means there is the potential for retrieving accurate total 
column ozone from the spectra, and, by comparing the retrieval from the ultraviolet and 
visible spectra, possibly reducing the error in the total column ozone amount further. 
However, due to the complexity of the molecular optical depth in the visible region of 
the ozone absorption, this has not been pursued further here.
This work has concluded it is possible to determine total column atmospheric ozone 
with a precision of 2.7% with the diode array spectrometer. This is comparable to the 
precision of the Dobson instrument. The spectrometer is inexpensive and has been 
shown to be rugged, stable and can be readily adapted for remote operation. The recent 
improvements to the spectrometer (resulting in increased sensitivity) will improve the 
precision of the retrieval. The spectrometer provides continuous data on cloud-free days, 
making it possible to follow changes in atmospheric ozone concentrations, with the 
spectrometer only requiring 1 second of unobscured direct sunlight to collect a spectrum 
suitable for analysis. The analysis of the high-resolution infrared spectra has been 
proven to be sensitive to changes in vertical distribution of atmospheric ozone in the 
altitude range of 20 to 25km. This range includes the altitude of the ozone maximum 
and the altitudes at which ozone depletion occurs. Once the instrumental line-shape has 
been stabilised and modelled, using the total column ozone information from the 
ultraviolet and visible spectra and the vertical distribution information from the infra-red 
spectra, it will be possible to retrieve ozone vertical profile information at this altitude
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range, with an estimated error of 3.8%. It will also be possible identify changes in ozone 
concentrations as being of stratospheric or tropospheric origin.
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Figure 8.4. Comparison of total column ozone retrieved from ultraviolet and infrared spectra on 
the 22 to 29 August 1998.
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69 742 90 3 50.19 # # ### ## 11:01:14 720 266 - 1.8 0.00334 248 0.931 243 0.914 0.00341 239 0.900 263 258
69 743 00 3 53.36 ff###### 10:21:58 629 272 -0.9 0.00368 248 0.911 242 0.890 0.00341 248 0.910 261 267
69 743 00 4 49.33 ## ### ## 12:04:14 751 272 -2.5 0.00336 253 0.929 248 0.911 0.00424 240 0.882 268 259
69743005 57.08 ## ### ## 13:50:39 609 272 - 1.8 0.00428 240 0.883 234 0.861 0.0045 233 0.856 253 252
69751301 59.14 ## ### ##TTTTTTTTTTTTTr 9:56:02 661 280 -2.1 0.00381 256 0.915 251 0.896 0.00482 245 0.875 271 265
69751303 57.57 # # ### ## 13:24:17 787 280 -0.6 0.00333 269 0.959 263 0.939 0.0034 267 0.952 284 288
69751401 57.44 ## ### ## 10:15:27 607 288 - 1.8 0.00435 260 0.902 254 0.881 0.00508 253 0.880 274 274
69752001 67.81 ## ### ## 8:57:52 653 260 -0.6 0.00486 236 0.908 232 0.892 0.00502 237 0.912 251 256
69752002 56.75 # # # # # # # 10:40:18 682 260 0.3 0.00339 235 0.906 231 0.888 0.00346 239 0.919 249 258
69752003 55.03 # # # # # # # 12:22:51 683 260 0.6 0.00391 234 0.900 230 0.886 0.00386 237 0.913 249 256
69752501 66.79 # # # # # # # 9:11:27 651 262 -0.6 0.00406 230 0.876 225 0.860 0.00436 231 0.881 243 249
69752502 55.89 # # # # # # #TTTTTTTTTTTTTr 11:16:53 698 262 0.9 0.00358 231 0.882 228 0.872 0.00382 234 0.894 247 253
69752503 59.49 # # # # # # #TTTTTTTTTTTTTT 13:19:52 630 262 -0.3 0.00384 228 0.872 225 0.860 0.00387 233 0.890 243 252
69752602 60.29 # # # # # # # 10:10:11 656 257 -1.2 0.00401 228 0.887 226 0.878 0.00427 225 0.874 244 243
69752701 61.20 # # # # # # #TTTTTTTTTTTTTT 10:02:21 689 264 -0.3 0.00365 232 0.878 228 0.864 0.00361 237 0.898 246 256
69752816 66.03 # # # # # # # 14:16:50 640 262 -0.3 0.00444 243 0.928 242 0.923 0.00453 245 0.936 261 265
69752817 68.69 # # # # # # # 14:36:59 654 262 -0.6 0.00448 245 0.936 243 0.928 0.00485 246 0.940 263 266
69752902 70.41 # # # # # # # 8:49:38 588 280 -1.2 0.00620 249 0.888 244 0.871 263
69752903 67.62 # # # # # # #TTTTTTTTTTTTTT 9:09:49 614 280 -1.2 0.00427 249 0.888 244 0.872 0.00472 244 0.872 264 264
69752904 64.81 # # # # # # # 9:32:06 633 280 -0.6 0.00476 247 0.883 244 0.872 0.00514 245 0.877 264 265
69752905 62.55 # # # # # # # 9:52:14 626 280 - 1.2 0.00427 251 0.897 249 0.888 0.00456 247 0.883 269 267
69752906 60.57 # # # # # # # 10:12:24 637 280 - 1.2 0.00413 256 0.915 254 0.907 0.00451 251 0.897 274 271
69752907 58.92 # # # # # # #TTTTTTTTTTTTTT 10:32:34 630 280 0.3 0.00370 247 0.881 244 0.870 0.0037 249 0.888 263 269
69752908 57.63 # # # # # # # 10:52:44 605 280 -0.3 0.00406 265 0.948 262 0.935 0.00399 265 0.947 283 286
69753006 68.96 # # # # # # # 9:00:54 766 296 - 1.2 0.00455 258 0.871 254 0.858 0.00515 252 0.852 274 272
69753007 66.31 # # # # # # # 9:21:04 810 296 -1.5 0.00350 259 0.875 255 0.861 0.00422 252 0.852 275 272
69753008 63.90 # # # # # # # 9:41:13 803 296 - 1.8 0.00347 258 0.871 254 0.857 0.0046 249 0.842 274 269
69753009 61.76 # # # # # # # 10:01:23 804 296 -1.5 0.00373 258 0.871 254 0.858 0.00401 250 0.845 274 270
69753010 59.94 # # # # # # # 10:21:32 787 296 -1.5 0.00401 257 0.866 254 0.856 0.00442 251 0.847 274 271
69753011 58.45 # # # # # # # 10:41:41 808 296 - 1.2 0.00401 257 0.870 254 0.858 0.00444 252 0.852 274 272
69 753 01 2 57.32 # # # # # # #TTTTTTTTTTTTTT 11:01:50 800 296 - 1.2 0.00350 256 0.866 252 0.853 0.00399 251 0.847 273 271
69 753 01 3 56.58 # # # # # # # 11:21:59 790 296 -1.5 0.00366 259 0.875 256 0.863 0.00392 255 0.860 276 275
69753014 56.23 # # # # # # # 11:42:09 826 296 - 1.8 0.00367 259 0.875 255 0.863 0.00437 254 0.857 276 274
69 753 01 5 56.29 # # # # # # # 12:02:20 809 296 - 1.8 0.00436 261 0.882 257 0.869 0.00541 250 0.845 278 270
69 753 01 6 56.76 # # # # # # # 12:22:30 815 296 - 1.8 0.00313 262 0.884 258 0.871 0.00389 256 0.865 279 277
69 753 01 7 57.63 # # # # # # # 12:42:40 797 296 - 1.2 0.00302 263 0.890 260 0.879 0.00341 256 0.866 281 277
69 753 01 8 58.87 # # # # # # # 13:02:50 829 296 -1.5 0.00379 266 0.899 262 0.886 0.00419 258 0.872 283 279
69 753 01 9 60.47 # # # # # # # 13:23:00 852 296 -1.5 0.00314 262 0.884 258 0.871 0.00354 256 0.864 278 276
69 753 02 0 62.40 # # # # # # # 13:43:12 819 296 -1.5 0.00478 264 0.892 260 0.878 0.00504 258 0.872 281 279
69753021 64.62 # # # # # # # 14:03:22 824 296 - 1.8 0.00482 264 0.892 260 0.879 0.00576 257 0.869 281 278
69753022 67.11 # # # # # # # 14:23:32 793 296 - 1.8 0.00320 262 0.885 258 0.872 0.00454 255 0.861 279 275
69753023 69.84 # # # # # # # 14:43:42 774 296 -2.1 0.00394 264 0.892 260 0.877 0.0058 256 0.866 280 277
69753101 63.69 # # # # # # # 9:44:21 662 293 -2.1 0.00447 264 0.899 258 0.881 0.00567 256 0.873 279 276
69753102 56.35 # # # # # # #TTTTTTTTTTTTTT 11:47:24 677 293 -1.5 0.00444 257 0.876 251 0.856 0.0047 249 0.850 271 269
69753103 63.25 # # # # # # # 13:50:14 707 293 -1.5 0.00460 255 0.872 248 0.848 0.00517 251 0.856 268 271
69760201 65.51 # # # # # # # 9:30:57 742 264 0 .0 0.00360 248 0.938 242 0.917 0.0036 251 0.950 262 271
69760202 56.74 # # # # # # # 11:34:23 784 264 0.3 0.00301 244 0.924 239 0.907 0.00294 249 0.945 259 269
69760203 62.31 # # # # # # # 13:39:02 693 264 0.9 0.00360 251 0.952 247 0.934 0.00375 256 0.970 266 277
69760501 62.24 # # # # # # # 13:35:30 623 264 0 .0 0.00481 272 1.029 267 1.012 0.00481 278 1.052 289 300
69760701 57.31 # # # # # # # 12:05:58 718 264 -0.9 0.00297 277 1.048 272 1.0301 0.00315 268 1.017 294 290
69760702 66.00 # # # # # # # 14:09:11 743 264 -0.9 0.00431 277 1.050 272 1.0321 0.00457 271 1.026 294 293
69760802 59.12 # # # # # # # 10:49:08 709 264 - 1.2 0.00367 284 1.075 276 1.045 0.00372 270 1.023 298 292
69760803 58.91 # # # # # # # 12:48:35 739 264 - 1.8 0.00392 271 1.028 266 1.0061 0.00432 261 0.988 287 282
69760901 70.06 # # # # # # # 9:01:28 577 264 -0.3 0.00471 255 0.967 247 O.937] 267
69 760902 58.42 # # # # # # # 11:04:33 626 264 -0.9 0.00360 250 0.946 243 0.922 0.00354 252 0.954 263
272
69760904 63.17 # # # # # # # 13:42:12 691 264 0.3 0.00527 251 0.950 245 0.929 0.0049 256 0.970 265
276
69762301 57.89 # # # # # # # 11:49:25 438 264 -0.3 0.00573 283 1.071 274 1.04o] 0.00551 282 1.067
296 304
69 762 30 2 64.39 # # # # # # # 13:52:47 451 264 -0.3 0.00593 295 1.118 286 1.082 0.00587 291 1.103 308 315
69762401 67.00 # # # # # # # 9:31:49 508 264 -1.2 0.00640 281 1.063 271 1.027| 0.00651 278
1.054 293 301
Table A2. Results from Langley analysis of ultraviolet spectra Page A2.1












17/08/1996 am 3968172.spc 1012 a 7391 0.0600 34.02 0.999 0.002 8.9080
17/08/1996 pm 3968172.spc 1008S 7923 0.1050 39.76 0.998 0.002 8.9775
24/08/1996 am 3968243,spc 1013;!;! 12877 0.0310 33.81 0.999 0.001 9.4632
6/09/1996 am 3969061 .spc 1009!;!; 5852 0.0700 40.40 0.998 0.003 8.6745
6/09/1996 pm 3969061 .spc 1012;!;; 6417 0.1100 43.07 0.998 0.003 8.7667
10/10/1996 pm 396A111 .spc 999 !;•; 2970 0.1530 46.97 0.999 0.007 7.9962
12/10/1996 am 396A131.spc 1012;!;! 3606 0.0920 22.28 0.998 0.003 8.1903
12/10/1996 pm 396A131.spc 1019 :!;! 3473 0.2100 56.85 0.997 0.007 8.1527
23/11/1996 pm 396B242.spc 1016!;!; 2631 0.0570 38.76 1 0.006 7.8751
28/04/1997 am 3974281 .spc 1024;;;! 11305 0.0850 36.49 0.999 0.001 9.3330
28/04/1997 pm 3974281.spc 1020!;;; 11610 0.1460 42.41 0.997 0.002 9.3596
29/04/1997 am 3974291 .spc 1022!;!; 11069 0.1300 40.97 0.999 0.002 9.3119
30/04/1997 am 3974301 .spc 1024 i!;! 9855 0.1720 45.52 0.995 0.002 9.1958
14/05/1997 am 3975141 .spc 1022!;!; 13277 0.2220 48.60 0.999 0.002 9.4938
25/05/1997 am 3975251.spc 1017;:;: 10221 0.0570 29.97 0.999 0.001 9.2322
30/05/1997 am 3975301 .spc 1 0 1 8 :;;; 11795 0.0440 28.18 1 0.001 9.3754
30/05/1997 pm 3975301 .spc 1018 i;!; 13987 0.1380 35.76 0.997 0.001 9.5459
31/05/1997 am 3975311 .spc 1023;!;! 13218 0.1240 34.53 0.999 0.001 9.4894
31/05/1997 pm 3975311.spc 1022;;!; 12017 0.0800 31.56 0.998 0.001 9.3940
5/06/1997 pm 3976051 .spc 1014!;!; 12896 0.1300 33.71 0.999 0.001 9.4647
7/06/1997 pm 3976071 .spc 1018;!;: 12036 0.0640 28.58 1 0.001 9.3957
8/06/1997 am 3976081 .spc 1027!;!; 11586 0.0520 29.28 0.998 0.001 9.3575
8/06/1997 pm 3976081 .spc 1025;;!; 14988 0.1840 39.42 0.998 0.001 9.6150
9/06/1997 pm 3976091 .spc 1024;;;! 11594 0.0740 29.36 1 0.001 9.3582
10/06/1997 am 397610A.spc 1025!;;; 14024 0.1430 37.48 0.998 0.001 9.5485
21/06/1997 am 3976211.spc 1031S 11639 0.0430 33.12 0.998 0.001 9.3621
23/06/1997 pm 3976231 .spc 1021 !;!; 10366 0.0630 29.82 0.996 0.001 9.2463
10/07/1997 am 3977101 .spc 1024!;:; 10736 0.0190 26.65 0.999 0.001 9.2813
16/07/1997 am 3977162.spc 1018 :;! 11744 0.0450 28.62 1 0.001 9.3711
17/07/1997 am 3977171 .spc 1024 !;:; 10968 0.0240 27.75 0.999 0.001 9.3027
17/07/1997 pm 3977171 .spc 1023!;!; 11836 0.0700 33.03 0.999 0.001 9.3789
18/07/1997 am 3977181.spc 1029 !;;: 12069 0.0930 33.09 1 0.001 9.3984
19/07/1997 am 3977191 .spc 1030:!:; 11740 0.0620 31.25 1 0.001 9.3707
21/07/1997 am 3977211 .spc 1029;!: 11268 0.0720 32.36 0.999 0.001 9.3297
25/07/1997 am 3977251.spc 1012;;!; 8889 0.0080 14.80 0.999 0.001 9.0926
28/07/1997 pm 3977281.spc 1018!;!; 11914 0.0790 34.87 1 0.001 9.3855
30/07/1997 am 3977301 .spc 1026;!;; 11542 0.0840 34.48 0.999 0.001 9.3538
1/08/1997 am 3978011.spc 1028!;!; 11775 0.0780 34.16 1 0.001 9.3737
1/08/1997 pm 3978011.spc 1026S 11112 0.0770 35.63 0.999 0.001 9.3158
3/08/1997 am 3978031 .spc 1029;;;: 10417 0.0530 36.62 0.998 0.002 9.2512
6/08/1997 am 3978061 .spc 1020!;!; 7290 0.1390 41.33 0.999 0.003 8.8942
7/08/1997 pm 3978071 .spc 1004;;;; 7531 0.0860 34.69 0.999 0.002 8.9268
8/08/1997 pm 3978081 .spc 1006;:;: 7455 0.0800 34.08 0.999 0.002 8.9166
9/08/1997 am 3978091 .spc 1015 :;!; 7521 0.0620 33.29 1 0.002 8.9254
10/08/1997 am 3978101 .spc 1019;;!; 7778 0.0950 36.50 1 0.002 8.9591
11/08/1997 am 3978111.spc 1014!;!; 7669 0.1170 38.57 0.999 0.002 8.9449
12/08/1997 pm 3978121.spc 1009!;!; 7710 0.1060 37.23 0.999 0.002 8.9502
13/08/1997 am 3978131 .spc 1016 ;!;: 7452 0.0790 35.63 0.999 0.002 8.9163
13/08/1997 pm 3978131 .spc 1015 :;!; 7850 0.1410 42.07 1 0.002 8.9683
14/08/1997 am 3978141 .spc 1021 ;:!; 7022 0.0700 35.16 0.999 0.002 8.8567
14/08/1997 pm 3978141 .spc 1017;;!; 7692 0.1170 39.78 1 0.002 8.9479





rs2 slopesicLnSo !;So 
329.5 329.5 3 2 9 .5  S  3 3 2 .5
Slope
332.5
0.0330 30.35 1 0.002 9.0665;!;! 7371 0.0230
0.0830 34.00 0.999 0.002 9.1465!;:! 7965 0.0700
-0.0010 28.24 0.999 0.001 9.5814 y ! 12653 -0.0110
0.0140 32.18 0.979 0.002 8.7817 S  5856 0.0180
0.0700 37.37 0.999 0.002 8.9170S  6465 0.0620
0.1290 41.38 0.999 0.005 8.1506;;!; 3077 0.1170
0.0920 22.28 0.998 0.003 8.1903;!;! 3606 0.0920
0.1880 51.56 0.998 0.005 8.3203 a 3607 0.1680
0.0260 33.12 1 0.005 8.0309 S  2701 0.0140
0.0680 32.84 1 0.001 9.4538 S ; 10847 0.0590
0.1220 37.17 0.997 0.001 9.4643 S  10939 0.1110
0.1070 36.00 0.999 0.001 9.4212 i!;! 10528 0.0990
0.1550 40.51 0.995 0.002 9.3255!;:: 9545 0.1440
0.2020 42.71 0.999 0.001 9.6190;;;! 12833 0.1950
0.0340 26.53 0.999 0.001 9.3468 S  9752 0.0280
0.0190 24.75 1 0.001 9.4946 S ; 11298 0.0120
0.1150 31.44 0.997 0.001 9.6700 ;!;! 13447 0.1070
0.1010 30.32 0.999 0.001 9.6108!;;! 12721 0.0930
0.0590 27.87 0.998 0.001 9.5196 S  11631 0.0520
0.1080 29.68 0.999 0.001 9.5901 ;!;! 12378 0.0990
0.0420 25.15 1 0.001 9.5241 !;!; 11601 0.0340
0.0320 25.89 0.998 0.001 9.4863 ü! 11181 0.0240
0.1640 34.87 0.998 0.001 9.7456;!;! 14433 0.1550
0.0530 25.90 1 0.001 9.4842:;:! 11119 0.0440
0.1160 32.42 0.998 0.001 9.6614;;;! 13400 0.1120
0.0210 29.12 0.998 0.001 9.4885 S  10858 0.0030
0.0440 26.55 0.996 0.001 9.3823!;:; 10028 0.0350
-0.0070 23.23 0.999 0.001 9.3982 S  10335 -0.0080
0.0220 25.09 1 0.001 9.4970::; 11230 0.0150
0.0030 24.47 0.999 0.001 9.4358:!;! 10563 -0.0050
0.0540 29.48 0.999 0.001 9.5200 S  11444 0.0430
0.0680 29.45 1 0.001 9.5202!::; 11519 0.0590
0.0410 27.70 1 0.001 9.5040;!:! 11313 0.0340
0.0470 28.19 0.999 0.001 9.4505!;;! 10782 0.0390
0.0080 14.80 0.999 0.001 9.0926 Si 8889 0.0080
0.0600 30.54 1 0.001 9.5181 ;!;! 11572 0.0530
0.0540 29.95 0.999 0.001 9.4675 S  10940 0.0470
0.0500 29.48 0.999 0.001 9.4925 S  11186 0.0420
0.0510 30.84 0.999 0.001 9.4362| 10680 0.0470
0.0340 31.05 0.997 0.001 9.3888 i !  10062 0.0240
0.1110 34.42 0.999 0.002 8.9797s  6808 0.1010
0.0630 30.64 0.999 0.002 9.0190 !;!; 7040 0.0490
0.0560 29.65 0.999 0.002 9.0098a 7026 0.0450
0.0300 28.39 1 0.001 9.0204 a  7146 0.0250
0.0590 31.07 1 0.002 9.0303 a 7147 0.0480
0.0840 33.22 0.999 0.002 9.0292a 7189 0.0760
0.0800 32.18 0.999 0.002 9.0475a 7272 0.0670
0.0590 31.47 1 0.002 9.0208 a 7103 0.0480
0.1150 36.04 1 0.002 9.0679 a  7431 0.1030
0.0510 31.16 0.999 0.002 8.9634a 6733 0.0410
0.0920 34.25 1 0.002 9.0515 a 7318 0.0790
0.0590 31.85 1 0.002 9.0232a 7073 0.0450
0.0650 32.41 1 0.002 8.9998a 6955 0.0550
0.0820 33.67 1 0.002 9.0580 a 7361 0.0700
0.0990 34.68 0.999 0.002 9.0522 a 7306 0.0860
0.0740 33.56 0.999 0.002 8.9362a 6514 0.0610
0.0490 31.89 1 0.002 8.9869 a 6833 0.0350
0.0580 32.87 0.999 0.002 9.0233 a 7182 0.0490
0.1060 37.50 0.998 0.002 8.9780 a 6832 0.0940
0.0830 36.05 0.999 0.002 9.0222 a 7056 0.0670
0.0530 33.87 0.999 0.002 8.9011 a 6297 0.0390
0.1160 40.27 0.999 0.002 9.0484 a 7400 0.1110
0.1310 43.91 1 0.002 9.0767 ;!;; 7531 0.1210
0.1090 40.03 0.998 0.002 8.9323a 6550 0.0990
0.0670 36.99 0.999 0.002 8.8922 a 6215 0.0520
0.1600 46.36 0.996 0.003 8.9303 a 6503 0.1460
0.2810 63.16 0.999 0.005 8.6153a 4634 0.2620
0.1090 41.31 0.998 0.004 8.3440 a 3592 0.0960
0.1050 39.86 0.994 0.004 8.3701 a 3856 0.0920
0.2310 53.87 0.993 0.006 8.2770 a 3611 0.2290
0.6330 144.35 0.996 0.01 8.7534 a 6086 0.6500
0.2680 58.84 0.996 0.005 8.5268 à  4640 0.2670
0.0750 38.19 0.999 0.003 8.6785 a 5166 0.0590
0.2170 60.57 0.996 0.004 8.7619 a 5583 0.1960
0.1970 51.90 0.993 0.004 8.6431 a 5018 0.1830
0.2980 64.45 0.997 0.005 8.7437;;! 5496 0.2810
0.1160 42.50 0.997 0.003 8.6011 a 4799 0.1020
0.0520 34.78 0.999 0.003 8.6490a 5023 0.0380
0.1300 49.77 0.998 0.004 8.6595 a 5054 0.1130
0.1810 48.22 0.999 0.003 8.8283 a 6012 0.1680










































































































5064 0.6410 156.36 
















































































































































































Table A2. Results from Langley analysis of ultraviolet spectra Page A2.2
date amorpSosig rs2 slopesiçLn So ?
________ 332.5 332.5 332.5 332.5:
;So Slope Sosig 
i 338.6 338.6 338.6
rs2 slopesigLnSo ; 































































































COIDO0)CO 7526 0.0160 22.88 0.999 0.001 8.9262?; 7874 0.0190 22.40 0.999 0.001 8.9713;
30.90 0.998 0.002 8.9829 8063 0.0590 25.86 0.998 0.001 8.9950 ? 8364 0.0590 26.14 0.999 0.001 9.0317:
25.52 0.999 0.001 9.4457 5: 12572 -0.0340 21.01 0.999 0.001 9.4393?? 13141 -0.0370 20.19 0.999 0.001 9.4835!
30.69 0.997 0.002 8.6751 « 6102 0.0090 26.02 0.997 0.002 8.7164?? 6559 0.0160 25.70 0.997 0.002 8.7886!
33.92 0.999 0.002 8.7741 ?! 6806 0.0560 28.07 0.998 0.002 8.8255 ?? 7281 0.0610 27.54 0.998 0.002 8.8930 ̂
37.17 0.999 0.005 8.0319:;:; 3298 0.1080 31.72 0.999 0.004 8.1012?? 3494 0.1100 30.97 0.999 0.004 8.1589?
22.28 0.998 0.003 8.1903;;!: 3606 0.0920 22.28 0.998 0.003 8.1903?? 3606 0.0920 22.28 0.998 0.003 8.1903?
44.97 0.998 0.005 8.1907?; 3854 0.1540 38.16 0.998 0.004 8.2568?? 4063 0.1520 37.32 0.998 0.004 8.3097?
29.94 1 0.005 7.9015;? 2870 -0.0010 24.94 1 0.004 7.9620 ?? 3128 -0.0010 24.25 1 0.003 8.0482?
29.44 0.999 0.001 9.2917?; 10601 0.0490 24.93 0.999 0.001 9.2687 ?? 11077 0.0510 24.31 0.999 0.001 9.3126?
33.55 0.997 0.001 9.3001 ?; 10724 0.1030 28.47 0.997 0.001 9.2803?? 11203 0.1030 27.68 0.997 0.001 9.3239?
32.65 0.999 0.001 9.2618?; 10309 0.0890 27.63 0.999 0.001 9.2408!? 10796 0.0920 26.95 0.999 0.001 9.2870?
36.55 0.995 0.002 9.1638?; 9409 0.1350 30.93 0.994 0.001 9.1495?? 9876 0.1370 30.15 0.994 0.001 9.1979?
39.18 0.999 0.001 9.4598;? 12673 0.1870 33.64 0.999 0.001 9.4472?? 13266 0.1870 32.61 0.999 0.001 9.4929?
24.05 0.999 0.001 9.1853?; 9607 0.0210 20.50 0.999 0.001 9.1703?? 10166 0.0240 20.02 0.999 0.001 9.2268?
22.42 1 0.001 9.3323?; 11116 0.0000 18.92 1 0.001 9.3162?? 11817 0.0050 18.58 1 0.001 9.3773?
28.71 0.997 0.001 9.5065;? 13282 0.0980 24.21 0.996 0.001 9.4942?? 14056 0.0990 23.57 0.996 0.001 9.5508?
27.54 0.999 0.001 9.4510?; 12492 0.0800 23.11 0.998 0.001 9.4329 ?? 13224 0.0820 22.50 0.998 0.001 9.4898?
25.37 0.998 0.001 9.3614?! 11470 0.0410 21.40 0.997 0.001 9.3475?? 12181 0.0440 20.76 0.997 0.001 9.4076?
27.03 0.999 0.001 9.4236?; 12237 0.0880 22.74 0.999 0.001 9.4122?? 12953 0.0880 22.07 0.999 0.001 9.4691 ?!
22.98 1 0.001 9.3588?;; 11384 0.0210 19.30 1 0.001 9.3400?? 12089 0.0230 18.69 1 0.001 9.4001 ?:
23.51 0.998 0.001 9.3220?! 11105 0.0170 19.56 0.998 0.001 9.3152 ?! 11740 0.0160 19.07 0.998 0.001 9.3708?;
31.44 0.997 0.001 9.5773?; 14307 0.1460 26.65 0.997 0.001 9.5685 ?! 15182 0.1470 25.96 0.997 0.001 9.6279 ?!
23.46 1 0.001 9.3164?! 10995 0.0340 19.83 0.999 0.001 9.3052?? 11689 0.0350 19.25 0.999 0.001 9.3664?;
29.73 0.997 0.001 9.5030?; 13307 0.1040 25.32 0.997 0.001 9.4960 ?? 14064 0.1020 24.44 0.997 0.001 9.5514?;
25.57 0.972 0.001 9.2926?; 11156 0.0090 22.54 0.997 0.001 9.3197?? 11823 0.0090 21.84 0.997 0.001 9.3778Ü
24.06 0.995 0.001 9.2131 ?; 9911 0.0240 20.29 0.995 0.001 9.2014?? 10587 0.0260 19.75 0.995 0.001 9.2674 ?!
21.31 0.999 0.001 9.2433?; 10205 -0.0170 18.33 0.999 0.001 9.2306?? 10878 -0.0170 17.66 0.999 0.001 9.2945 ?!
22.94 1 0.001 9.3264?; 11130 0.0070 19.56 1 0.001 9.3174?? 11869 0.0080 18.89 1 0.001 9.3817?;
22.23 0.999 0.001 9.2651 ?! 10486 -0.0130 18.92 0.999 0.001 9.2578?? 11194 -0.0110 18.43 0.999 0.001 9.3232?;
26.84 0.999 0.001 9.3452?; 11331 0.0340 23.18 0.999 0.001 9.3353 !? 12316 0.0430 22.45 0.999 0.001 9.4186?!
26.37 1 0.001 9.3517?; 11425 0.0500 23.11 1 0.001 9.3436?? 12142 0.0490 21.61 1 0.001 9.4045?;
25.23 0.999 0.001 9.3337?; 11251 0.0260 21.31 0.999 0.001 9.3282?? 11996 0.0260 21.06 1 0.001 9.3924?!
25.58 0.999 0.001 9.2856?; 10659 0.0270 21.55 0.998 0.001 9.2742?? 11376 0.0280 20.93 0.999 0.001 9.3393?;
14.80 0.999 0.001 9.0926?! 8889 0.0080 14.80 0.999 0.001 9.0926?? 8889 0.0080 14.80 0.999 0.001 9.0926?;
27.18 1 0.001 9.3563?; 11400 0.0410 23.46 1 0.001 9.3413?? 12220 0.0450 22.03 0.999 0.001 9.4108!?
27.03 0.999 0.001 9.3002?; 10824 0.0350 22.78 0.999 0.001 9.2895?? 11623 0.0380 22.22 0.999 0.001 9.3607 ?;
26.72 0.999 0.001 9.3224?! 11052 0.0310 22.56 0.999 0.001 9.3103?? 11876 0.0340 22.05 0.999 0.001 9.3823?!
28.14 0.999 0.001 9.2761 ?: 10589 0.0370 23.76 0.999 0.001 9.2675 ?? 11292 0.0360 23.13 0.999 0.001 9.3318?;
28.87 0.998 0.001 9.2165?! 10084 0.0180 24.26 0.997 0.001 9.2187?? 10850 0.0220 23.23 0.997 0.001 9.2919?;
31.08 0.999 0.002 8.8258?! 6742 0.0930 26.56 0.999 0.002 8.8162?? 6819 0.0890 25.36 0.999 0.002 8.8274?;
27.29 0.999 0.002 8.8594?; 6922 0.0350 23.26 0.999 0.001 8.8425 ?? 7039 0.0340 22.52 0.999 0.001 8.8592?;
26.76 0.999 0.002 8.8574?! 6877 0.0300 22.57 0.999 0.001 8.8360?? 7099 0.0310 21.98 0.999 0.001 8.8677!?
25.92 1 0.002 8.8743?; 7047 0.0210 22.33 1 0.001 8.8603 ?! 7181 0.0150 21.54 1 0.001 8.8792?;
28.40 1 0.002 8.8745?; 7059 0.0410 23.88 0.999 0.001 8.8620?? 7229 0.0390 23.02 1 0.001 8.8859?;
30.04 0.999 0.002 8.8803?; 7085 0.0680 25.74 0.999 0.002 8.8658?? 7197 0.0640 24.50 0.999 0.001 8.8814!?
28.89 0.999 0.002 8.8918?; 7165 0.0480 23.98 0.999 0.001 8.8769?? 7260 0.0470 23.64 0.999 0.001 8.8901 ?;
28.48 1 0.002 8.8683?; 6957 0.0310 23.75 1 0.001 8.8475?? 7143 0.0340 23.06 1 0.001 8.8739 ?!
32.82 1 0.002 8.9134?? 7250 0.0820 26.88 0.999 0.002 8.8888 ?! 7507 0.0870 26.28 0.999 0.002 8.9235?;
28.21 0.999 0.002 8.8148?: 6503 0.0190 23.18 0.999 0.002 8.7800 ?? 6714 0.0240 22.74 0.999 0.001 8.8120?;
30.73 0.999 0.002 8.8980?! 7188 0.0620 25.58 1 0.002 8.8801 ?? 7390 0.0630 25.11 0.999 0.001 8.9079!?
28.53 1 0.002 8.8640?! 6946 0.0290 23.82 1 0.001 8.8459 ?? 7184 0.0340 23.60 1 0.001 8.8797?;
29.00 0.999 0.002 8.8472?? 6896 0.0420 24.19 1 0.002 8.8386?? 7076 0.0430 23.51 0.999 0.001 8.8645?;
30.78 1 0.002 8.9039?? 7220 0.0550 25.29 1 0.002 8.8846!?; 7459 0.0590 24.71 0.999 0.001 8.9171 ?!
31.15 0.999 0.002 8.8964?? 7148 0.0710 26.30 0.999 0.002 8.8746?? 7472 0.0770 25.63 0.999 0.001 8.9190?;
30.27 0.999 0.002 8.7817?? 6339 0.0420 24.94 0.999 0.002 8.7544 ?? 6552 0.0460 24.37 0.999 0.002 8.7875;?
28.87 1 0.002 8.8296?? 6676 0.0210 23.72 1 0.002 8.8062?? 6885 0.0210 23.25 1 0.001 8.8371 ;?
29.81 0.999 0.002 8.8793?? 7014 0.0330 24.94 0.999 0.002 8.8557?? 7268 0.0340 24.22 0.999 0.001 8.8912?;
33.76 0.998 0.002 8.8294?? 6735 0.0820 28.41 0.998 0.002 8.8150?? 6978 0.0820 27.57 0.998 0.002 8.8505 ?!
32.08 0.999 0.002 8.8616?? 6984 0.0540 27.01 0.999 0.002 8.8513?? 7192 0.0550 26.46 0.999 0.002 8.8808?
30.35 0.999 0.002 8.7479?? 6218 0.0260 25.52 0.999 0.002 8.7351 ?? 6392 0.0270 24.80 0.999 0.002 8.7629?;
36.93 0.999 0.002 8.9093?? 7389 0.1070 31.70 0.999 0.002 8.9078 ?? 7539 0.1000 30.26 0.999 0.002 8.9279?
38.36 0.999 0.002 8.9268?? 7495 0.1150 32.96 1 0.002 8.9220 ?? 7752 0.1140 31.76 1 0.002
8.9557?
36 18 0.998 0.002 8.7872?? 6436 0.0840 30.27 0.998 0.002 8.7697?? 6715 0.0860 29.53 0.998 0.002
8.8120?
39 99 0.999 0.002 8.7346?? 6056 0.0380 27.32 0.999 0.002 8.7089 ?? 6314 0.0380 26.83 0.999 0.002 8.7505?
41 48 0.995 0.003 8.7800?? 6364 0.1290 34.49 0.995 0.002 8.7585?? 6678 0.1320
34.14 0.995 0.002 8.8065;
55.81 0.998 0.005 8.4412?? 4336 0.2380 45.13 0.998 0.005 8.3746 ?? 4504 0.2370 45.21 0.998
0.004 8.4128!;
36*82 0 998 0.004 8.1863?? 3425 0.0790 30.27 0.998 0.004 8.1388?? 3511 0.0740
30.08 0.998 0.004 8.1637?
35*37 0 992 0.004 8.2573?? 4189 0.0800 29.91 0.993 0.003 8.3402?? 4351
0.0850 29.33 0.993 0.003 8.3781 ?
51 78 0 993 0.006 8.1917?? 3913 0.2180 42.06 0.994 0.005 8.2720?? 4128
0.2260 41.63 0.994 0.004 8.3256?
140.33 0 996 0.01 8.7138?? 6583 0.6340 117.38 0.996 0.008 8.7923?? 7488
0.6670 123.74 0.997 0.007 8.9211 ?
.54 36 0.996 0.005 8.4426?? 5106 0.2630 46.79 0.996 0.004 8.5382?? 5428 0.2650 45.64 0.996
0.004 8.5993?
34 04 0.999 0.003 8.5498?? 5403 0.0450 29.26 0.999 0.002 8.5947!? 5795 0.0530
27.56 0.999 0.002 8.6648?
53.52 0.996 0.004 8.6275?? 5916 0.1870 45.75 0.996 0.003 8.6854?? 6179 0.1820 43.37 0.996 0.003
8.7289;
47.00 0.992 0.004 8.5207?? 5273 0.1710 39.20 0.991 0.003 8.5704 !? 5634 0.1750 38.34
0.992 0.003 8.6365?
57.25 0.998 0.005 8.6118?;! 5630 0.2590 47.14 0.998 0.004 8.6358?? 5992 0.2610 45.87 0.998
0.003 8.6982?
38 45 0.998 0.003 8.4762?;: 4885 0.0770 32.73 0.998 0.003 8.4939?? 5252 0.0850 31.99
0.998 0.003 8.5664?
31 18 0.999 0.003 8.5218?:; 5306 0.0290 26.46 0.999 0.002 8.5766?! 5595 0.0290
26.06 0.999 0.002 8.6296?
44 89 0.998 0.004 8.5279?;! 5366 0.1040 37.84 0.998 0.003 8.5878 ?? 5635 0.1010 36.49 0.998
0.003 8.6368;
43.19 0.999 0.003 8.7015?: 6256 0.1540 36.25 0.999 0.003 8.7413?! 6628 0.1550 35.20 0.999 0.002
8.7990;
44.07 0.998 0.004 8.5934?;: 5529 0.1480 36.62 0.998 0.003 8.6178?? 5893 0.1510 35.62
0.999 0.003 8.6815:
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: 326.7 326.7 326.7 326.7 326.7 326.7 329.5 329.5 329.5 329.5 329.5 329.5! ; 332.5 332.5
12/03/1998 pm 3983121.spc 1014!: : 6332 0.3410 75.90 0.998 0.005 8.7533! ; 7266 0.3090 65.85 0.998 0.004 8.8910! ! 6207 0.2790
20/03/1998 am 3983201.spc 1016;! ! 5146 0.2230 57.74 0.998 0.005 8.5459; ! 6108 0.2070 50.67 0.998 0.004 8.7173: ! 5358 0.1920
23/03/1998 am 3983231 .spc 1010;! : 3487 0.0990 43.38 0.992 0.005 8.1567: : 4070 0.0730 38.36 0.993 0.004 8.3114: i 3730 0.0770
28/03/1998 am 3983281 .spc 1009!: ; 5890 0.2600 60.37 0.997 0.005 8.6811 ! : 6689 0.2260 53.30 0.998 0.004 8.8083! ! 5866 0.2120
3/04/1998 am 3984031.spc 1020; ! 6618 0.0940 40.63 0.998 0.003 8.7976; ! 7804 0.0790 36.47 0.998 0.002 8.9624! : 6832 0.0650
5/04/1998 am 3984051 .spc 1021 ! ; 9402 0.2730 62.37 0.997 0.003 9.1487! ;10883 0.2490 55.01 0.998 0.002 9.2949! I 9442 0.2310
7/04/1998 am 3984071 .spc 1022; ; 6664 0.1840 50.94 0.994 0.003 8.8044! ; 7756 0.1600 44.52 0.995 0.003 8.9562; ! 6875 0.1490
8/04/1998 am 3984081 .spc 1015; : 7436 0.2080 52.05 0.999 0.003 8.9141 ; : 8597 0.1810 45.30 0.999 0.002 9.0592! ! 7507 0.1660
18/04/1998 am 3984181 .spc 1025! ; 6293 0.1500 45.53 0.995 0.003 8.7471 ! ; 7289 0.1260 39.82 0.995 0.002 8.8941! ! 6450 0.1170
19/04/1998 am 3984191.spc 1023; ! 8015 0.1990 51.00 0.999 0.003 8.9890 ; ! 9345 0.1780 44.54 0.999 0.002 9.1426! ! 8156 0.1640
27/04/1998 am 3984271 .spc 1017! ; 6390 0.0230 31.47 0.999 0.002 8.7624! : 7366 -0.0010 27.78 0.999 0.002 8.9046! ! 6584 -0.0040
9/05/1998 am 3985091.spc 1015! ; 5379 0.0540 32.03 0.999 0.003 8.5903! : 6289 0.0260 28.06 0.999 0.002 8.7465! ! 5474 0.0170
10/05/1998 am 3985101 .spc 1019; ! 5225 0.0360 32.33 0.999 0.003 8.5612; ! 6158 0.0140 28.70 0.999 0.002 8.7255! ! 5334 0.0040
21/05/1998 pm 3985211.spc 1008! ; 4304 0.0690 31.36 0.995 0.003 8.3674! : 4916 0.0410 27.27 0.996 0.002 8.5002 ■:! 4212 0.0350
22/05/1998 am 3985221 .spc 1014; : 4751 0.1220 35.62 0.997 0.003 8.4661 ! ! 5549 0.1060 31.68 0.996 0.003 8.6214 !• ! 4676 0.0940
22/05/1998 pm 3985221 .spc 1012! ; 4817 0.1390 39.30 0.996 0.004 8.4799; : 5561 0.1170 34.78 0.996 0.003 8.6235? 4730 0.1080
24/05/1998 pm 3985241.spc 1008! ■; 3858 0.0150 27.51 0.996 0.003 8.2578! ;  4463 -0.0080 24.03 0.996 0.002 8.4036!: 3766 -0.0190
25/05/1998 am 3985251 .spc 1016; ! 5265 0.1640 40.30 0.995 0.003 8.5688; ! 6046 0.1400 35.23 0.994 0.003 8.7072;! 5214 0.1370
28/05/1998 pm 3985281 .spc 1019; •; 8909 0.1000 32.26 0.997 0.002 9.0948; : 10381 0.0800 28.58 0.997 0.001 9.2477!; 8900 0.0720
29/05/1998 am 3985291.spc 1020! ;;  9165 0.0810 31.05 0.998 0.001 9.1231 : : 10723 0.0630 27.59 0.998 0.001 9.2801 i 9270 0.0600
29/05/1998 pm 3985291.spc 1017; ! 8542 0.0600 29.72 0.999 0.002 9.0527; : 9961 0.0410 26.21 0.999 0.001 9.2064!! 8526 0.0320
14/06/1998 pm 3986141.spc 1013! i; 8176 0.0730 28.48 0.998 0.002 9.0090: ; 9607 0.0560 25.38 0.999 0.001 9.1702!;! 8212 0.0480
18/06/1998 am 3986181 .spc 1028; ;! 7951 0.0510 27.81 0.998 0.002 8.9811 : : 9222 0.0280 24.59 0.998 0.001 9.1293;!; 7943 0.0210
18/06/1998 pm 3986181 .spc 1026; ;! 7376 0.0560 28.10 0.998 0.002 8.9059; : 8645 0.0370 24.74 0.998 0.001 9.06471 7421 0.0300
19/06/1998 am 3986191 .spc 1031 : !; 10263 0.1850 39.26 0.992 0.002 9.2363! : 11951 0.1630 34.69 0.992 0.001 9.3886!! 10274 0.1560
27/06/1998 am 3986271 .spc 1020; ;; 8731 0.1270 33.27 0.999 0.002 9.0747; ! 10240 0.1060 29.16 0.999 0.001 9.2341 í: 8726 0.0950
27/06/1998 pm 3986271 .spc 1015; ;: 10037 0.1980 39.43 0.997 0.002 9.2140! : 11481 0.1660 35.51 0.997 0.001 9.3485 í 9808 0.1560
2/07/1998 pm 3987021 .spc 1019; !; 7290 0.1060 31.16 0.998 0.002 8.8942! ; 8551 0.0830 27.37 0.998 0.001 9.0538;!: 7357 0.0750
5/07/1998 pm 3987051.spc 1015; ;! 9045 0.2020 43.30 0.998 0.002 9.1100; ; 10529 0.1780 38.37 0.998 0.002 9.2619 :;: 9051 0.1710
8/07/1998 am 3987081 .spc 1013! !; 7642 0.1200 32.55 0.999 0.002 8.9414!; ; 8882 0.0950 28.65 0.999 0.001 9.0918 S 7569 0.0840
9/07/1998 am 3987091 .spc 1012; ;; 7022 0.0530 28.20 0.999 0.002 8.8567!; ; 8250 0.0310 24.86 0.999 0.001 9.0180;!; 7039 0.0210
9/07/1998 pm 3987091 .spc 1012; ;: 7290 0.0750 29.87 0.999 0.002 8.8943 ;! 8507 0.0520 25.80 0.999 0.001 9.0486:!:; 7274 0.0420
11/07/1998 am 3987111.spc 1025! I; 6316 0.0410 28.44 0.999 0.002 8.7509 !; 7367 0.0160 25.44 0.999 0.002 8.9048::!; 6250 0.0030
11/07/1998 pm 3987111.spc 1023; ;! 6199 0.1000 32.49 0.994 0.002 8.7322;! 7272 0.0770 28.55 0.995 0.002 8.8918 :;;! 6153 0.0620
16/07/1998 am 3987161 .spc 1 0 20 ;!; 6732 0.0700 30.42 0.999 0.002 8.8147;! 7900 0.0490 26.82 0.999 0.001 8.9746!;:! 6707 0.0360
22/07/1998 am 3987221 .spc 1016! ;; 7537 0.1030 33.79 0.999 0.002 8.9275 !; 8833 0.0800 30.18 0.999 0.002 9.0862;!:! 7539 0.0700
28/07/1998 am 3987281 .spc 994; ;! 7334 0.1190 38.25 0.998 0.002 8.9003;! 8568 0.0950 33.63 0.997 0.002 9.0557;!:; 7367 0.0880
28/07/1998 pm 3987281 .spc 995! !; 7106 0.0880 32.93 0.999 0.002 8.8687 !; 8304 0.0650 28.77 0.999 0.002 9.0244;;:; 7084 0.0550
29/07/1998 pm 3987291.spc 1000; ;! 7388 0.0860 51.95 0.999 0.003 8.9076;: 8612 0.0610 45.03 0.999 0.002 9.0609;;:! 7369 0.0520
31/07/1998 am 3987311.spc 1016; ;! 6970 0.0750 33.16 0.999 0.002 8.8494;! 8075 0.0450 28.92 0.999 0.002 8.9965!;:; 6893 0.0340
31/07/1998 pm 3987311.spc 1014! !; 7111 0.0960 34.76 0.999 0.002 8.8694:; 8354 0.0730 30.32 0.999 0.002 9.0305;;;! 7066 0.0570
1/08/1998 am 3988011 .spc 1020; ;! 6779 0.0580 31.89 0.999 0.002 8.8216;; 7887 0.0290 27.68 0.999 0.002 8.9729:;:; 6750 0.0190
1/08/1998 pm 3988011 .spc 1012; ;! 6945 0.0950 37.19 0.999 0.002 8.8458;! 8182 0.0750 32.92 0.999 0.002 9.0096!;; 7048 0.0680
10/08/1998 am 3988102.spc 1023! i; 6648 0.1430 62.71 0.998 0.004 8.8021 ;: 7841 0.1220 55.91 0.998 0.003 8.9671;;:! 6521 0.1010
10/08/1998 pm 3988103.spc 1017; ;i 6572 0.1700 44.11 0.999 0.003 8.7906;! 7643 0.1430 38.08 0.999 0.002 8.9415!;:; 6469 0.1300
11/08/1998 am 3988111 .spc 1016! !; 6650 0.1650 43.30 0.999 0.003 8.8024:: 7781 0.1400 37.80 0.999 0.002 8.9594;;:; 6532 0.1220
24/08/1998 pm 3988241.spc 1024! i; 5228 0.0680 36.65 0.994 0.003 8.5617;! 6171 0.0470 32.32 0.994 0.002 8.7277;!;; 5259 0.0350
29/08/1998 am 3988291.spc 1026! ;: 6852 0.1260 42.61 0.998 0.003 8.8323;: 7877 0.0970 36.83 0.999 0.002 8.9717;;!; 6752 0.0880
1/09/1998 am 3989011.spc 1015! !; 7331 0.2140 52.82 0.998 0.003 8.8998 !; 8475 0.1840 45.79 0.999 0.002 9.0449 ;!:! 7232 0.1710
27/09/1998 pm 3989271 .spc 1015! !; 6521 0.2340 57.91 0.997 0.004 8.7828;! 7479 0.2020 49.80 0.997 0.003 8.9199;;!; 6486 0.1910
7/10/1998 am 398A071 .spc 1004! ;! 5924 0.0670 38.59 0.998 0.003 8.6867;! 6852 0.0410 33.43 0.998 0.002 8.8323;;;! 5953 0.0300
8/10/1998 am 398A081.spc 1013! !; 5804 0.0950 41.92 0.997 0.003 8.6663;; 6664 0.0650 36.20 0.997 0.002 8.8045 ¿i 5788 0.0550
14/10/1998 am 398A141 .spc 1012; ;! 5890 0.1050 43.13 0.997 0.003 8.6810;: 6771 0.0770 37.44 0.997 0.002 8.8204 !;!; 5907 0.0680
20/10/1998 am 398A201 .spc 1007! ;: 5657 0.0770 41.23 0.999 0.003 8.6406!; 6635 0.0570 35.57 0.999 0.002 8.8001 S 5786 0.0480
21/10/1998 am 398A211 .spc 1015; i; 5418 0.0730 40.44 0.998 0.003 8.5974;: 6234 0.0450 35.17 0.998 0.002 8.7378:;;; 5437 0.0370
average ;i 7760 0.1217 8.8973 !; 8832 0.0967 9.02811 7590 0.0866
%stdev ;! 34.34 66.48 3.95; 33.92 82.81 3.85;:; 32.85 92.46
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12/03/1998 pm 56.29 0.998 0.004 8.7335 ;! 6380 0.2570 46.30 0.998 0.003 8.7610 6698 0.2530 44.84 0.998 0.003 8.8096
20/03/1998 am 45.22 0.998 0.004 8.5864:; 5617 0.1810 38.90 0.998 0.003 8.6336 6037 0.1890 37.73 0.998 0.003 8.7056:;
23/03/1998 am 34.22 0.992 0.004 8.2243;! 3867 0.0620 29.00 0.991 0.003 8.2601 4107 0.0630 27.90 0.992 0.003 8.3206?
28/03/1998 am 47.88 0.998 0.004 8.6769;! 6015 0.1960 39.06 0.997 0.003 8.7021 6334 0.1950 37.87 0.997 0.003 8.7537i
3/04/1998 am 32.58 0.998 0.002 8.8294!; 7022 0.0530 27.48 0.997 0.002 8.8568 7326 0.0510 26.52 0.997 0.002 8.8991 !;
5/04/1998 am 48.39 0.997 0.002 9.1529;! 9743 0.2220 41.12 0.997 0.002 9.1843 10152 0.2200 39.61 0.997 0.002 9.2255!:
7/04/1998 am 40.14 0.994 0.003 8.8356;; 7180 0.1420 34.26 0.994 0.002 8.8790 7526 0.1410 33.10 0.994 0.002 8.9262:;:
8/04/1998 am 40.51 0.999 0.002 8.9236!; 8008 0.1730 35.83 0.999 0.002 8.9882 8282 0.1660 34.04 0.999 0.002 9.0219?;
18/04/1998 am 36.10 0.995 0.002 8.7718;! ; 6818 0.1190 31.39 0.994 0.002 8.8273 7137 0.1190 30.42 0.995 0.002 8.8730!:
19/04/1998 am 39.78 0.999 0.002 9.0065!; ; 8573 0.1650 34.61 0.999 0.002 9.0564 8901 0.1620 33.26 0.999 0.002 9.0940!;!
27/04/1998 am 25.27 0.999 0.002 8.7923; ! 6986 0.0000 22.14 0.999 0.001 8.8516 7258 -0.0010 21.40 0.999 0.001 8.88991
9/05/1998 am 25.00 0.999 0.002 8.6078; ! 5800 0.0060 21.15 0.999 0.002 8.6656 6420 0.0110 20.74 0.999 0.001 8.7672?
10/05/1998 am 25.81 0.999 0.002 8.5819! ; 5659 -0.0040 22.00 0.999 0.002 8.6409 6238 -0.0020 21.61 0.999 0.002 8.7384!;!
21/05/1998 pm 24.82 0.993 0.003 8.3457; ! 4241 0.0240 21.14 0.995 0.002 8.3526 4638 0.0260 20.47 0.992 0.002 8.4421 ?
22/05/1998 am 28.55 0.995 0.003 8.4502; ; 4821 0.0950 24.79 0.996 0.002 8.4807 5262 0.0950 24.09 0.995 0.002 8.5682!;!
22/05/1998 pm 31.44 0.994 0.003 8.4616! ! 4771 0.1000 26.96 0.995 0.002 8.4704 5170 0.0960 25.85 0.994 0.002 8.5505?
24/05/1998 pm 22.01 0.996 0.003 8.2338; ! 3822 -0.0280 18.59 0.994 0.002 8.2484 4185 -0.0280 18.20 0.995 0.002 8.3393!!!
25/05/1998 am 32.41 0.994 0.003 8.5591; ; 5377 0.1380 28.13 0.992 0.002 8.5898 5896 0.1390 27.40 0.992 0.002 8.6820?
28/05/1998 pm 25.93 0.997 0.001 9.0938; ! 9064 0.0610 21.91 0.997 0.001 9.1121 9877 0.0620 21.30 0.997 0.001 9.1980?
29/05/1998 am 25.33 0.998 0.001 9.1346; ; 9384 0.0460 21.24 0.998 0.001 9.1467 10180 0.0430 20.48 0.998 0.001 9.2282?
29/05/1998 pm 23.73 0.999 0.001 9.0508; ; 8711 0.0240 20.18 0.999 0.001 9.0723 9435 0.0220 19.48 0.999 0.001 9.1522?
14/06/1998 pm 23.07 0.999 0.001 9.0133; ! 8471 0.0420 19.73 0.998 0.001 9.0444 9221 0.0410 19.08 0.998 0.001 9.1292?
18/06/1998 am 22.29 0.998 0.001 8.9800; : 8124 0.0110 18.60 0.998 0.001 9.0026 8831 0.0100 17.97 0.998 0.001 9.0861 !;!
18/06/1998 pm 22.38 0.998 0.001 8.9121; : 7610 0.0210 19.10 0.997 0.001 8.9372 8322 0.0210 18.66 0.997 0.001 9.0267?
19/06/1998 am 31.40 0.991 0.001 9.2374; ; 10582 0.1490 26.69 0.99 0.001 9.2669 11520 0.1480 25.97 0.991 0.001 9.3518?
27/06/1998 am 26.43 0.999 0.001 9.0741; ; 8951 0.0840 23.28 0.999 0.001 9.0995 9846 0.0860 21.88 0.999 0.001 9.1949?
27/06/1998 pm 32.06 0.997 0.001 9.1910; ! 10069 0.1470 26.64 0.996 0.001 9.2172 11098 0.1510 26.10 0.996 0.001 9.3145?
2/07/1998 pm 24.85 0.997 0.001 8.9034; ! 7515 0.0610 20.83 0.997 0.001 8.9246 8227 0.0600 20.17 0.998 0.001 9.0152?
5/07/1998 pm 34.50 0.998 0.002 9.1106; ; 9237 0.1570 29.27 0.998 0.001 9.1310 10114 0.1570 28.58 0.998 0.001 9.2216;;;
8/07/1998 am 25.86 0.999 0.002 8.9318; ; 7811 0.0740 22.03 0.998 0.001 8.9633 8516 0.0700 21.04 0.999 0.001 9.0497?
9/07/1998 am 22.24 0.999 0.001 8.8593; ; 7279 0.0110 18.85 0.999 0.001 8.8927 8045 0.0120 18.51 0.999 0.001 8.9928?
9/07/1998 pm 23.32 0.999 0.001 8.8921! ; 7464 0.0290 19.69 0.999 0.001 8.9179 8310 0.0340 19.39 0.999 0.001 9.0252?
11/07/1998 am 22.64 0.999 0.002 8.7403; ! 6470 -0.0070 19.02 0.999 0.001 8.7750 7188 -0.0040 18.45 0.998 0.001 8.8802?
11/07/1998 pm 25.34 0.993 0.002 8.7246! ; 6363 0.0520 21.42 0.993 0.001 8.7583 7028 0.0520 20.79 0.993 0.001 8.8577?
16/07/1998 am 24.03 0.999 0.002 8.8110! ! 6931 0.0260 20.33 0.999 0.001 8.8437 7665 0.0270 19.78 0.999 0.001 8.9444?
22/07/1998 am 27.07 0.999 0.002 8.9279; ; 7757 0.0590 23.28 0.999 0.001 8.9564 8536 0.0600 22.01 0.999 0.001 9.0520?
28/07/1998 am 30.69 0.997 0.002 8.9048! :; 7515 0.0730 25.77 0.997 0.002 8.9247 8388 0.0800 25.45 0.997 0.001 9.0346?
28/07/1998 pm 26.40 0.999 0.002 8.8656; ! 7295 0.0430 22.22 0.999 0.001 8.8949 8005 0.0420 21.52 0.999 0.001 8.9878?
29/07/1998 pm 40.67 0.999 0.002 8.9050; 7532 0.0380 33.96 0.999 0.002 8.9270 8261 0.0370 33.06 0.999 0.002 9.0194?
31/07/1998 am 25.67 0.999 0.002 8.8383; :! 7115 0.0240 21.91 0.999 0.001 8.8700 7921 0.0290 21.30 0.999 0.001 8.9772?
31/07/1998 pm 27.04 0.999 0.002 8.8631; ;! 7335 0.0480 22.96 0.999 0.001 8.9004 8120 0.0510 22.41 0.999 0.001 9.0021 !;!
1/08/1998 am 24.99 0.999 0.002 8.8172! ;; 6956 0.0080 21.19 0.999 0.001 8.8474 7715 0.0110 20.73 0.999 0.001 8.9509?
1/08/1998 pm 29.97 0.999 0.002 8.8605! ;! 7276 0.0570 25.40 0.998 0.002 8.8923 8059 0.0590 24.76 0.999 0.001 8.9945?
10/08/1998 am 49.14 0.998 0.003 8.7828; ;! 6786 0.0950 42.22 0.998 0.003 8.8227 7539 0.1000 41.54 0.998 0.002 8.9279?
10/08/1998 pm 34.14 0.999 0.002 8.7747! ;! 6670 0.1200 28.91 0.998 0.002 8.8054 7375 0.1220 28.15 0.998 0.002 8.9058?
11/08/1998 am 33.46 0.998 0.002 8.7845; ;! 6758 0.1110 28.35 0.998 0.002 8.8185 7478 0.1140 27.66 0.998 0.002 8.9197?
24/08/1998 pm 29.03 0.994 0.002 8.5677; ;; 5398 0.0230 24.43 0.994 0.002 8.5938 5960 0.0280 24.17 0.994 0.002 8.6929?
29/08/1998 am 33.39 0.998 0.002 8.8176! !; 6922 0.0760 28.41 0.998 0.002 8.8425 7618 0.0780 27.37 0.998 0.002 8.9383?
1/09/1998 am 40.90 0.999 0.002 8.8863; ;! 7443 0.1570 34.35 0.998 0.002 8.9150 8240 0.1630 33.79 0.998 0.002 9.0168?
27/09/1998 pm 44.84 0.997 0.003 8.7774! ;! 6592 0.1760 37.54 0.996 0.002 8.7935 7139 0.1800 36.84 0.996 0.002 8.8733?
7/10/1998 am 30.16 0.998 0.002 8.6916! ;; 6097 0.0190 25.57 0.998 0.002 8.7155 6598 0.0230 25.03 0.998 0.002 8.7945?
8/10/1998 am 32.72 0.997 0.002 8.6635; ;! 5931 0.0410 27.51 0.996 0.002 8.6880 6484 0.0460 27.03 0.997 0.002 8.7771 ?
14/10/1998 am 34.16 0.997 0.003 8.6839 ;! 6026 0.0580 28.74 0.996 0.002 8.7039 6540 0.0640 28.29 0.996 0.002 8.7856?
20/10/1998 am 32.46 0.999 0.002 8.6631! 5890 0.0370 27.42 0.999 0.002 8.6810 6389 0.0430 27.00 0.999 0.002 8.7623?
21/10/1998 am 31.87 0.998 0.003 8.6009; ;! 5499 0.0240 26.85 0.998 0.002 8.6124 5977 0.0290 26.37 0.998 0.002 8.6956?
8.8805 !; 7658 0.0758 8.8936 8156 0.0773 8.9564?
3.77; i; 31 .47 104.80 3.62 31.44 10 4.57 3.6 0?
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Table A3 results from ratlo-Langley Calibration of ultraviolet spectrometer Page A3.1
date am orp file press w1 !; !So Slope Sosig rs2 slopesig InSo So Slope Sosig rs2
! 327 327 327 327 327 327 329 329 329 329
17-Aug-96 am 3968172.spc 1012 326.671 ;; ; 0.9410 0.0410 0.0020 0.7020 0.0010 -0.0608 1.1040 0.0150 0.0010 0.3370
17-Aug-96 pm 3968172.spc 1008 326.671 ;! ; 0.9500 0.0490 0.0020 0.7760 0.0010 -0.0513 1.1150 0.0210 0.0010 0.4800
24-Aug-96 am 3968243.spc 1013 326.665;! ; 0.9900 0.0730 0.0010 0.9450 0.0000 -0.0101 1.1070 0.0380 0.0000 0.8560
6-Sep-96 pm 3969061 .see 1012 326.665!; ! 0.8790 0.0480 0.0030 0.7580 0.0010 -0.1290
28-Apr-97 am 3974281 .spc 1024 326.665;! ; 1.0190 0.0330 0.0010 0.6860 0.0000 0.0188 1.1480 0.0160 0.0000 0.3910
28-Apr-97 pm 3974281.spc 1020 326.665 !;;! 1.0330 0.0410 0.0010 0.7810 0.0010 0.0325 1.1520 0.0190 0.0000 0.4030
29-Apr-97 am 3974291 .spc 1022 326.665!; i; 1.0260 0.0390 0.0010 0.7980 0.0010 0.0257 1.1420 0.0150 0.0000 0.3830
30-Apr-97 am 3974301.spc 1024 326.665 !;!; 1.0040 0.0380 0.0020 0.6460 0.0010 0.0040 1.1410 0.0200 0.0010 0.3780
14-May-97 am 3975141 .spc 1022 326.665 !;!; 1.0020 0.0350 0.0010 0.6890 0.0010 0.0020 1.1320 0.0140 0.0000 0.3250
25-May-97 am 3975251.spc 1017 326.665 ;:;! 1.0080 0.0340 0.0010 0.7320 0.0000 0.0080 1.1300 0.0110 0.0000 0.2440
30-May-97 am 3975301 .spc 1018 326.665! !; 0.9980 0.0390 0.0010 0.8370 0.0000 -0.0020 1.1230 0.0140 0.0000 0.3710
30-May-97 pm 3975301 .spc 1018 326.665; ;! 1.0020 0.0420 0.0010 0.8090 0.0000 0.0020 1.1320 0.0180 0.0000 0.4960
31-May-97 am 3975311.spc 1023 326.665; !; 1.0000 0.0430 0.0010 0.8100 0.0000 0.0000 1.1300 0.0200 0.0000 0.5470
31-May-97 pm 3975311.spc 1022 326.665! ;; 0.9920 0.0390 0.0010 0.8200 0.0000 -0.0080 1.1220 0.0170 0.0000 0.4440
5-Jun-97 pm 3976051.spc 1014 326.665; ;: 1.0010 0.0440 0.0010 0.8230 0.0000 0.0010 1.1300 0.0200 0.0000 0.5710
7-Jun-97 pm 3976071 .spc 1018 326.665; :; 0.9960 0.0410 0.0010 0.8550 0.0000 -0.0040 1.1320 0.0190 0.0000 0.5360
8-Jun-97 am 3976081 .spc 1027 326.665! ;! 0.9960 0.0410 0.0010 0.7980 0.0000 -0.0040 1.1300 0.0190 0.0000 0.5450
8-Jun-97 pm 3976081 .spc 1025 326.665; !; 0.9890 0.0390 0.0010 0.7820 0.0000 -0.0111 1.1270 0.0180 0.0000 0.5230
9-Jun-97 pm 3976091.spc 1024 326.665; ;!; 0.9920 0.0390 0.0010 0.8120 0.0000 -0.0080 1.1260 0.0190 0.0000 0.4760
10-Jun-97 am 39761 OA.spc 1025 326.665! .!; 1.0070 0.0450 0.0010 0.8190 0.0000 0.0070
23-Jun-97 pm 3976231 .spc 1021 326.665; !;! 0.9870 0.0400 0.0010 0.7810 0.0000 -0.0131 1.1240 0.0190 0.0000 0.4710
10-Jul-97 am 3977101 .spc 1024 326.665! ;!; 0.9880 0.0360 0.0010 0.8030 0.0000 -0.0121 1.1110 0.0110 0.0000 0.2300
16-Jul-97 am 3977162.spc 1018 326.665! :;! 0.9890 0.0370 0.0010 0.8240 0.0000 -0.0111 1.1230 0.0140 0.0000 0.4200
17-Jul-97 am 3977171.spc 1024 326.665; ;!; 0.9840 0.0370 0.0010 0.8080 0.0000 -0.0161 1.1220 0.0150 0.0000 0.3910
17-Jul-97 pm 3977171 .spc 1023 326.665! ;!; 0.9630 0.0290 0.0010 0.6580 0.0000 -0.0377 1.1100 0.0130 0.0000 0.3090
18-Jul-97 am 3977181 .spc 1029 326.665; !;! 0.9960 0.0460 0.0010 0.8470 0.0000 -0.0040 1.1250 0.0200 0.0000 0.5750
19-Jul-97 am 3977191.spc 1030 326.665; ;!; 0.9810 0.0370 0.0010 0.8200 0.0000 -0.0192 1.1200 0.0150 0.0000 0.4170
21-Jul-97 am 3977211.spc 1029 326.665 !;! 0.9940 0.0460 0.0010 0.8470 0.0000 -0.0060 1.1230 0.0210 0.0000 0.5270
28-Jul-97 pm 3977281.spc 1018 326.665 ;!; 0.9830 0.0380 0.0010 0.7960 0.0000 -0.0171 1.1190 0.0170 0.0000 0.4420
30-Jul-97 am 3977301 .spc 1026 326.665; ;!; 0.9970 0.0480 0.0010 0.8850 0.0000 -0.0030 1.1170 0.0180 0.0000 0.5430
1-Aug-97 am 3978011.spc 1028 326.665; !;! 0.9920 0.0440 0.0010 0.8520 0.0000 -0.0080 1.1170 0.0170 0.0000 0.4220
1-Aug-97 pm 3978011.spc 1026 326.665; !;! 0.9870 0.0420 0.0010 0.8150 0.0010 -0.0131 1.1120 0.0160 0.0000 0.4310
3-Auq-97 am 3978031 .spc 1029 326.665! ;!; 0.9820 0.0420 0.0010 0.8210 0.0010 -0.0182 1.1090 0.0150 0.0000 0.3710
6-Aug-97 am 3978061 .spc 1020 326.665 !;! 1.0700 0.0500 0.0020 0.7180 0.0010 0.0677 1.1620 0.0210 0.0010 0.3860
7-Aug-97 pm 3978071 .spc 1004 326.665 ;!; 1.0650 0.0510 0.0020 0.8100 0.0010 0.0630 1.1720 0.0290 0.0010 0.6070
8-Aug-97 pm 3978081 .spc 1006 326.665. ;!; 1.0480 0.0480 0.0020 0.8040 0.0010 0.0469 1.1530 0.0250 0.0010 0.5260
9-Aug-97 am 3978091 .spc 1015 326.665 :;; 1.0470 0.0460 0.0010 0.7710 0.0010 0.0459 1.1570 0.0170 0.0010 0.2960



















28- Sep-97 am 
30-Sep-97 am 
30-Sep-97 pm























































































































































































































































































































































































































































































































































Table A3 results from ratio-Langley Calibration of ultraviolet spectrometer Page A3.2
date amorpslopesig InSo ili:; So Slope Sosig rs2 slopesiglnSo
329 3291; 333 333 333 333 333 3331 339 339 339 339 339 33 9 ;
17-Aug-96 am 0.0000 0.098911 0.9380 0.0050 0.0010 0.0550 0.0000 -0.064011; 0.9560 -0.0030 0.0000 0.0280 0.0000
17-Aug-96 pm 0.0000 0.10891: 0.9480 0.0100 0.0010 0.1860 0.0000 -0.053411! 0.9550 -0.0040 0.0000 0.0510 0.0000
24-Aug-96 am 0.0000 0.1017!*!! 0.9670 0.0280 0.0000 0.7430 0.0000 -0.033611! 0.9570 0.0040 0.0000 0.0930 0.0000 -0 .0440 ;
6-Sep-96 pm 0.9000 0.0070 0.0010 0.0720 0.0010 -0.105411 0.9350 -0.0050 0.0000 0.0410 0.0000 -0.0672;
28-Apr-97 am 0.0000 0.138011 0.9790 0.0070 0.0010 0.1600 0.0000 -0.021211! 0.9570 -0.0020 0.0000 0.0240 0.0000 -0.0440;
28-Apr-97 pm 0.0000 0.1415Ü! 0.9760 0.0080 0.0010 0.1320 0.0000 -0.024311 0.9560 -0.0010 0.0000 0.0060 0.0000 -0 .0450 :
29-Apr-97 am 0.0000 0.13281; 0.9740 0.0070 0.0010 0.1060 0.0000 -0.0263 li 0.9540 -0.0030 0.0000 0.0260 0.0000 -0.0471 ;.
30-Apr-97 am 0.0000 0.1319 il 0.9690 0.0090 0.0010 0.1010 0.0000 -0.031511! 0.9520 -0.0030 0.0000 0.0180 0.0000 -0.0492 ;
14-May-97 am 0.0000 0.124011 0.9680 0.0080 0.0010 0.1390 0.0000 -0.032511 0.9540 0.0000 0.0000 0.0010 0.0000 -0.0471 *
25-May-97 am 0.0000 0.122211 0.9600 0.0040 0.0010 0.0480 0.0000 -0.040811! 0.9430 -0.0040 0.0000 0.0710 0.0000 -0.05871
30-May-97 am 0.0000 0.1160 li 0.9570 0.0080 0.0000 0.1530 0.0000 -0.0440 li! 0.9410 -0.0040 0.0000 0.0860 0.0000 -0.0608!
30-May-97 pm 0.0000 0.1240 li 0.9610 0.0100 0.0000 0.2560 0.0000 -0.039811 0.9440 -0.0020 0.0000 0.0160 0.0000 -0.05761
31-May-97 am 0.0000 0.12221;! 0.9620 0.0120 0.0000 0.4110 0.0000 -0.038711! 0.9450 -0.0010 0.0000 0.0070 0.0000 -0.0566!
31-May-97 pm 0.0000 0.1151 il 0.9590 0.0110 0.0000 0.2720 0.0000 -0.041911 0.9430 -0.0020 0.0000 0.0180 0.0000 -0.05871
5-Jun-97 pm 0.0000 0.122211 0.9590 0.0120 0.0000 0.3100 0.0000 -0.041911 0.9440 0.0000 0.0000 0.0010 0.0000 -0.0576!
7-Jun-97 pm 0.0000 0.12401;! 0.9590 0.0100 0.0000 0.2770 0.0000 -0.0419Ü! 0.9420 -0.0020 0.0000 0.0200 0.0000 -0.0598!
8-Jun-97 am 0.0000 0.1222*1 0.9580 0.0110 0.0000 0.2730 0.0000 -0.042911 0.9440 0.0000 0.0000 0.0000 0.0000 -0.0576*
8-Jun-97 pm 0.0000 0.119611 0.9500 0.0080 0.0000 0.1540 0.0000 -0.051311! 0.9410 -0.0010 0.0000 0.0050 0.0000 -0.0608!
9-Jun-97 pm 0.0000 0.118711 0.9520 0.0100 0.0000 0.2520 0.0000 -0.0492 11! 0.9410 -0.0010 0.0000 0.0020 0.0000 -0.0608!
10-Jun-97 am 0.9560 0.0110 0.0000 0.2730 0.0000 -0.045011 . . . . . . . . . *********
23-Jun-97 pm 0.0000 0.116911 0.9480 0.0100 0.0000 0.2330 0.0000 -0.0534 li 0.9360 -0.0020 0.0000 0.0110 0.0000 -0.0661 !
10-Jul-97 am 0.0000 0.105311 0.9500 0.0090 0.0000 0.2330 0.0000 -0.051311 0.9380 0.0000 0.0000 0.0000 0.0000 -0.0640*
16-Jul-97 am 0.0000 0.116011 0.9460 0.0070 0.0000 0.1420 0.0000 -0.055511 0.9370 -0.0010 0.0000 0.0120 0.0000 -0.06511.
17-Jul-97 am 0.0000 0.11511; 0.9450 0.0070 0.0000 0.1790 0.0000 -0.0566 il! 0.9370 -0.0010 0.0000 0.0070 0.0000 -0.06511
17-Jul-97 pm 0.0000 0.104411 0.9320 0.0020 0.0010 0.0070 0.0000 -0.070411 0.9260 -0.0060 0.0000 0.1640 0.0000 -0.07691
18-Jul-97 am 0.0000 0.11781! 0.9490 0.0110 0.0000 0.2890 0.0000 -0.05231! 0.9380 0.0000 0.0000 0.0000 0.0000 -0.06401
19-Jul-97 am 0.0000 0.11331; 0.9450 0.0080 0.0000 0.1850 0.0000 -0.056611 0.9390 0.0000 0.0000 0.0010 0.0000 -0.06291
21-Jul-97 am 0.0000 0.116011 0.9500 0.0120 0.0010 0.2860 0.0000 -0.051311 0.9360 -0.0010 0.0000 0.0040 0.0000 -0.06611!
28-Jul-97 pm 0.0000 0.11241 0.9490 0.0100 0.0000 0.2230 0.0000 -0.052311 0.9380 -0.0010 0.0000 0.0030 0.0000 -0.06401
30-Jul-97 am 0.0000 0.11061; 0.9430 0.0100 0.0010 0.2250 0.0000 -0.05871!; 0.9310 -0.0030 0.0000 0.0280 0.0000 -0.07151
1-Aug-97 am 0.0000 0.110611 0.9420 0.0090 0.0010 0.1910 0.0000 -0.05981! 0.9300 -0.0030 0.0000 0.0390 0.0000 -0.07261
1-Aug-97 pm 0.0000 0.10621! 0.9470 0.0110 0.0010 0.2640 0.0000 -0.0545 li 0.9370 0.0010 0.0000 0.0030 0.0000 -0.06511
3-Auq-97 am 0.0000 0.103511 0.9400 0.0080 0.0010 0.1910 0.0000 -0.061911 0.9350 0.0000 0.0000 0.0000 0.0000 -0.06721
6-Aug-97 am 0.0000 0.15011 0.9970 0.0120 0.0010 0.1830 0.0000 -0.0030Ü! 0.9830 0.0010 0.0000 0.0010 0.0000 -0.01711
7-Aug-97 pm 0.0000 0.15871 0.9990 0.0150 0.0010 0.3080 0.0000 -0.001 OH 0.9830 0.0010 0.0000 0.0010 0.0000 -0.01711






















28- Sep-97 am 
30-Sep-97 am 
30-Sep-97 pm

























































































































































































































































































































































































































































































































































































































































































Table A3 results from ratio-Langley Calibration of ultraviolet spectrometer Page A3.5
date amori; file press w1 So Slope Sosig rs2 slopesig InSo ?:?3 So Slope Sosig rs2
327 327 327 327 327 327 i:3 329 329 329 3299-May-98 am 
10-May-98 am
3985091 .spc 1015 326.665 0.8360 0.0420 0.0020 0.7110 0.0010 -0.1791 ?53 0.9800 0.0150 0.0010 0.2860
3985101 .spc 1019 326.665 0.8410 0.0400 0.0020 0.7230 0.0010 -0.1732?:?3 0.9890 0.0160 0.0010 0.2730
21-May-98 pm 3985211.spc 1008 326.665 0.9260 0.0420 0.0030 0.5700 0.0010 -0.0769 $? 1.0600 0.0150 0.0010 0.1300
22-May-98 am 3985221 .spc 1014 326.665 0.9100 0.0300 0.0030 0.4350 0.0010 -0.0943 i3 1.0560 0.0110 0.0010 0.0790
24-May-98 pm 3985241.spc 1008 326.665 0.9200 0.0420 0.0030 0.5650 0.0010 -0.0834?:?? 1.0660 0.0200 0.0010 0.2810
25-May-98 am 3985251.spc 1016 326.665 0.8890 0.0230 0.0030 0.2310 0.0010 -0.1177;;?? 1.0210 -0.0010 0.0010 0.0070
28-May-98 pm 3985281.spc 1019 326.665 0.8950 0.0340 0.0010 0.7040 0.0010 -0.1109???:? 1.0450 0.0160 0.0010 0.3580
29-May-98 am 3985291.spc 1020 326.665 0.8980 0.0370 0.0010 0.7470 0.0010 -0.1076 ???:? 1.0520 0.0190 0.0010 0.4740
29-May-98 pm 3985291 .spc 1017 326.665 0.9090 0.0400 0.0010 0.7490 0.0010 -0.0954 S;?: 1.0590 0.0200 0.0010 0.4360
14-Jun-98 pm 3986141 .spc 1013 326.665 0.8890 0.0340 0.0010 0.6250 0.0010 -0.1177S?:? 1.0440 0.0160 0.0010 0.3960
18-Jun-98 am 3986181 .spc 1028 326.665 0.9060 0.0430 0.0010 0.7860 0.0010 -0.0987?;?? 1.0480 0.0190 0.0010 0.4480
18-Jun-98 pm 3986181.spc 1026 326.665 0.8890 0.0370 0.0010 0.7110 0.0010 -0.1177;;:? 1.0390 0.0160 0.0010 0.3850
19-Jun-98 am 3986191.spc 1031 326.665 0.9010 0.0430 0.0010 0.7600 0.0010 -0.10433?:? 1.0480 0.0200 0.0010 0.3810
27-Jun-98 am 3986271.spc 1020 326.665 0.8890 0.0410 0.0010 0.7270 0.0010 -0.117733 1.0420 0.0200 0.0010 0.4380
27-Jun-98 pm 3986271 .spc 1015 326.665 0.8980 0.0450 0.0010 0.7520 0.0010 -0.1076;?:?? 1.0430 0.0190 0.0010 0.4160
2-Jul-98 pm 3987021 .spc 1019 326.665 0.8840 0.0450 0.0020 0.7150 0.0010 -0.1233?;?:? 1.0390 0.0230 0.0010 0.4540
5-Jul-98 pm 3987051 .spc 1015 326.665 0.8870 0.0420 0.0020 0.6650 0.0010 -0.11993? 1.0370 0.0200 0.0010 0.4370
8-Jul-98 am 3987081.spc 1013 326.665 0.8950 0.0490 0.0020 0.7460 0.0010 -0.1109?:?3 1.0410 0.0240 0.0010 0.5590
9-Jul-98 am 3987091.spc 1012 326.665 0.8740 0.0420 0.0020 0.6920 0.0010 -0.13473?: 1.0280 0.0210 0.0010 0.4700
9-Jul-98 pm 3987091 .spc 1012 326.665 0.8740 0.0400 0.0020 0.6600 0.0010 -0.1347;?;? 1.0230 0.0180 0.0010 0.3640
11-Jul-98 am 3987111.spc 1025 326.665 0.8810 0.0460 0.0020 0.7020 0.0010 -0.126733 1.0310 0.0220 0.0010 0.5180
11-Jul-98 pm 3987111.spc 1023 326.665 0.8850 0.0490 0.0020 0.7140 0.0010 -0.12223?: 1.0360 0.0260 0.0010 0.4980
16-Jul-98 am 3987161 .spc 1020 326.665 0.8790 0.0440 0.0020 0.6920 0.0010 -0.1290?:?3 1.0330 0.0230 0.0010 0.4910
22-Jul-98 am 3987221 .spc 1016 326.665 0.8790 0.0410 0.0020 0.7280 0.0010 -0.12903?: 1.0310 0.0190 0.0010 0.4290
28-Jul-98 am 3987281 .spc 994 326.665 0.8730 0.0380 0.0020 0.6390 0.0010 -0.13583?: 1.0210 0.0160 0.0010 0.2980
28-Jul-98 pm 3987281 .spc 995 326.665 0.8880 0.0460 0.0020 0.7700 0.0010 -0.1188?:?3 1.0350 0.0210 0.0010 0.4390
29-Jui-98 pm 3987291 .spc 1000 326.665 0.8990 0.0510 0.0030 0.7140 0.0010 -0.10653?; 1.0440 0.0250 0.0010 0.5220
31-Jul-98 am 3987311.spc 1016 326.665 0.8810 0.0470 0.0020 0.7660 0.0010 -0.1267?:?? 1.0220 0.0180 0.0010 0.3630
31-Jul-98 pm 3987311.spc 1014 326.665 0.8750 0.0450 0.0020 0.7670 0.0010 -0.1335?:?3 1.0300 0.0230 0.0010 0.5080
1-Aug-98 am 3988011.spc 1020 326.665 0.8800 0.0480 0.0020 0.7660 0.0010 -0.12783??: 1.0200 0.0180 0.0010 0.3460
1-Aug-98 pm 3988011 .spc 1012 326.665 0.8640 0.0370 0.0020 0.6260 0.0010 -0.1462??:? 1.0160 0.0150 0.0010 0.2700
10-Aug-98 am 3988102.spc 1023 326.665 0.8820 0.0420 0.0030 0.5110 0.0020 -0.1256:?:?; 1.0380 0.0210 0.0020 0.2650
10-Aug-98 pm 3988103.spc 1017 326.665 0.8840 0.0440 0.0030 0.6490 0.0010 -0.1233????? 1.0340 0.0200 0.0010 0.3220
11-Aug-98 am 3988111.spc 1016 326.665 0.8860 0.0500 0.0030 0.7110 0.0010 -0.1210?:?:3 1.0390 0.0250 0.0010 0.4770
24-Aug-98 pm 3988241 .spc 1024 326.665 0.8790 0.0410 0.0030 0.5700 0.0010 -0.129033: 1.0410 0.0210 0.0010 0.3160
29-Auq-98 am 3988291.spc 1026 326.665 0.9000 0.0490 0.0020 0.7940 0.0010 -0.105433: 1.0320 0.0180 0.0010 0.3290
1-Sep-98 am 3989011. spc 1015 326.665 0.8890 0.0510 0.0030 0.6930 0.0010 -0.1177 1.0330 0.0230 0.0010 0.3650
27-Sep-98 pm 3989271 .spc 1015 326.665 0.9100 0.0520 0.0030 0.7380 0.0020 -0.0943 1.0460 0.0210 0.0020 0.3470
7-Oct-98 am 398A071.spc 1004 326.665 0.8940 0.0430 0.0020 0.7840 0.0010 -0.1120 1.0370 0.0180 0.0010 0.4240
8-Oct-98 am 398A081 .Sf5c 1013 326.665 0.6980 0.0510 0.0030 0.7660 0.0010 -0.1076 1.0320 0.0200 0.0010 0.3420
14-Oct-98 am 398A141.spc 1012 326.665 0.9040 0.0440 0.0030 0.5940 0.0010 -0.1009 1.0350 0.0140 0.0010 0.2160
20-Oct-98 am 398A201 .spc 1007 326.665 0.8880 0.0360 0.0030 0.6000 0.0010 -0.1188 1.0450 . 0.0170 0.0010 0.2490
21-Oct-98 am 398A211 .spc 1015 326.665 0.9080 0.0440 0.0030 0.6740 0.0010 -0.0965 1.0440 0.0170 0.0010 0.3080
24-Oct-98 pm 398A241 .spc 1011 326.665 0.9230 0.0600 0.0040 0.7420 0.0020 -0.0801 1.0580 0.0260 0.0020 0.4260
31-Oct-98 am 398A311.spc 1009 326.665 0.8890 0.0370 0.0030 0.5130 0.0020 -0.1177 1.0260 0.0110 0.0010 0.1230
28-Dec-98 am 398C281.spc 1002 326.665 0.8780 0.0340 0.0030 0.5590 0.0010 -0.1301 1.0330 0.0150 0.0010 0.2090
full set average 0.9514 0.0458 -0.0527 1.0836 0.0206














































7.62 1.0836 5.17 0.9308 4.64
0.97 1.1244 1.02 0.9527 1.54
2.85 1.1549 1.58 0.9901 1.19
2.31 1.0342 1.78 0.8936 1.90
2.03 1.0352 1.68 0.8830 1.53
1.48 1.0389 0.90 0.9009 1.08
Table A3 results from ratio-Langley Calibration of ultraviolet spectrometer Page A3.6
dale am or[ slopesig InSo So Slope ! 
_____________ - 329 329 333 333
Sosig
333






rs2 slopesig InSo ? 
339 339 339 ?
9-May-98 am 0.0010 -0.0202 0.8520 0.0060 0.0010 0.0510 0.0010 -0.1602 0.9030 -0.0050 0.0000 0.0490 0.0000 -0.1020?
10-May-98 am 0.0010 -0.0111 0.8560 0.0070 0.0010 0.0600 0.0010 -0.1555 0.9050 -0.0030 0.0000 0.0170 0.0000 -0.09981
21-May-98 pm 0.0010 0.0583 0.9140 -0.0020 0.0000 0.0050 0.0000 -0.0899 i:
22-May-98 am 0.0010 0.0545 0.8910 0.0000 0.0010 0.0000 0.0000 -0.1154 0.9170 0.0000 0.0010 0.0000 0.0000 -0.0866;:
24-May-98 pm 0.0000 0.0639 0.9010 0.0090 0.0010 0.0720 0.0010 -0.1043 0.9120 -0.0010 0.0000 0.0010 0.0000 -0.0921 ?
25-May-98 am 0.0000 0.0208 0.8820 -0.0030 0.0010 0.0180 0.0010 -0.1256 0.9070 -0.0040 0.0010 0.0180 0.0000 -0.09761
28-May-98 pm 0.0000 0.0440 0.8970 0.0080 0.0010 0.1340 0.0000 -0.1087 0.9180 -0.0010 0.0000 0.0020 0.0000 -0.0856 Ü;
29-May-98 am 0.0000 0.0507 0.9100 0.0160 0.0010 0.4450 0.0000 -0.0943 0.9230 0.0030 0.0000 0.0410 0.0000 -0.0801 ?
29-May-98 pm 0.0000 0.0573 0.9050 0.0110 0.0010 0.2590 0.0000 -0.0998 0.9230 0.0020 0.0000 0.0090 0.0000 -0.0801 ?
14-Jun-98 pm 0.0000 0.0431 0.8930 0.0080 0.0010 0.1580 0.0000 -0.1132 0.9180 0.0010 0.0000 0.0030 0.0000 -0.0856 ?
18-Jun-98 am 0.0000 0.0469 0.9020 0.0120 0.0010 0.2220 0.0000 -0.1031 0.9200 0.0010 0.0000 0.0050 0.0000 -0.0834 : Î
18-Jun-98 pm 0.0000 0.0383 0.8900 0.0090 0.0010 0.1460 0.0000 -0.1165 0.9120 -0.0010 0.0000 0.0030 0.0000 -0.0921 ?
19-Jun-98 am 0.0000 0.0469 0.8950 0.0100 0.0010 0.1590 0.0000 -0.1109 0.9170 0.0000 0.0000 0.0000 0.0000 -0.0866 ?
27-Jun-98 am 0.0000 0.0411 0.8860 0.0090 0.0010 0.1690 0.0000 -0.1210 0.9140 0.0000 0.0000 0.0000 0.0000 -0.0899?
27-Jun-98 pm 0.0000 0.0421 0.8900 0.0090 0.0010 0.1370 0.0000 -0.1165 0.9040 -0.0060 0.0000 0.0870 0.0000 -0.1009?
2-Jul-98 pm 0.0000 0.0383 0.8950 0.0160 0.0010 0.2920 0.0000 -0.1109 0.9130 0.0010 0.0000 0.0010 0.0000 -0.0910?
5-Jul-98 pm 0.0000 0.0363 0.8880 0.0110 0.0010 0.1600 0.0000 -0.1188 0.9090 -0.0010 0.0000 0.0030 0.0000 -0.0954?
8-Jul-98 am 0.0000 0.0402 0.8890 0.0140 0.0010 0.2690 0.0000 -0.1177 0.9150 0.0030 0.0000 0.0150 0.0000 -0.0888 :?
9-Jul-98 am 0.0000 0.0276 0.8730 0.0080 0.0010 0.1250 0.0000 -0.1358 0.9010 -0.0030 0.0000 0.0320 0.0000 -0.1043?
9-Jul-98 pm 0.0000 0.0227 0.8750 0.0080 0.0010 0.0860 0.0000 -0.1335 0.8990 -0.0040 0.0000 0.0380 0.0000 -0.1065;?
11-Jul-98 am 0.0000 0.0305 0.8720 0.0080 0.0010 0.1030 0.0000 -0.1370 0.9000 -0.0030 0.0000 0.0250 0.0000 -0.1054?:
11 -Jul-98 pm 0.0000 0.0354 0.8770 0.0110 0.0010 0.1320 0.0010 -0.1312 0.9050 -0.0010 0.0000 0.0010 0.0000 -0.0998?;
16-Jul-98 am 0.0000 0.0325 0.8760 0.0090 0.0010 0.1350 0.0000 -0.1324 0.9050 -0.0010 0.0000 0.0020 0.0000 -0.0998?:
22-Jul-98 am 0.0000 0.0305 0.8810 0.0100 0.0010 0.1620 0.0000 -0.1267 0.9040 -0.0030 0.0000 0.0170 0.0000 -0.1009?:
28-Jul-98 am 0.0000 0.0208 0.8950 -0.0070 0.0000 0.1110 0.0000 -0.1109?;
28-Jul-98 pm 0.0000 0.0344 0.8840 0.0120 0.0010 0.2350 0.0000 -0.1233 0.9090 -0.0010 0.0000 0.0010 0.0000 -0.0954 ?:
29-Jul-98 pm 0.0010 0.0431 0.8910 0.0140 0.0010 0.2400 0.0010 -0.1154 0.9100 0.0000 0.0000 0.0000 0.0000 -0.0943?;
31-Jul-98 am 0.0000 0.0218 0.8700 0.0060 0.0010 0.0540 0.0000 -0.1393 0.8990 -0.0040 0.0000 0.0360 0.0000 -0.1065?;
31-Jul-98 pm 0.0000 0.0296 0.8700 0.0070 0.0010 0.0850 0.0010 -0.1393 0.9030 -0.0020 0.0000 0.0160 0.0000 -0.1020?;
1-Aug-98 am 0.0000 0.0198 0.8740 0.0080 0.0010 0.1260 0.0000 -0.1347 0.9010 -0.0030 0.0000 0.0360 0.0000 -0.1043?;
1-Aug-98 pm 0.0000 0.0159 0.8770 0.0100 0.0010 0.1320 0.0010 -0.1312
10-Aug-98 am 0.0010 0.0373 0.8630 0.0000 0.0010 0.0000 0.0000 -0.1473 0.9000 -0.0050 0.0010 0.0220 0.0000 -0.1054 ?;
10-Aug-98 pm 0.0010 0.0334 0.8770 0.0080 0.0010 0.0770 0.0010 -0.1312 0.9050 -0.0010 0.0000 0.0040 0.0000 -0.0998 ?:
11-Aug-98 am 0.0010 0.0383 0.8740 0.0080 0.0010 0.0650 0.0010 -0.1347 0.9020 -0.0040 0.0000 0.0250 0.0000 -0.1031 ?:
24-Aug-98 pm 0.0010 0.0402 0.8840 0.0080 0.0010 0.0580 0.0010 -0.1233 0.9090 -0.0040 0.0000 0.0240 0.0000 -0.0954?;
29-Auq-98 am 0.0000 0.0315 0.8850 0.0100 0.0010 0.1200 0.0010 -0.1222 0.9070 -0.0030 0.0000 0.0180 0.0000 -0.0976?;
1-Sep-98 am 0.0010 0.0325 0.8780 0.0080 0.0010 0.0690 0.0010 -0.1301 0.9030 -0.0060 0.0000 0.0540 0.0000 -0.1020?;
27-Sep-98 pm 0.0010 0.0450 0.9050 0.0090 0.0020 0.0760 0.0010 -0.0998 0.9230 -0.0050 0.0000 0.0350 0.0000 -0.0801 ?:
7-Oct-98 am 0.0000 0.0363 0.9020 0.0070 0.0010 0.0930 0.0010 -0.1031 0.9230 -0.0040 0.0000 0.0480 0.0000 -0.0801 ;?
8-Oct-98 am 0.0010 0.0315 0.8970 0.0100 0.0010 0.1840 0.0010 -0.1087 0.9140 -0.0050 0.0000 0.0570 0.0000 -0.0899 ?;
14-Oct-98 am 0.0010 0.0344 0.9000 0.0030 0.0010 0.0110 0.0010 -0.1054 0.9220 -0.0060 0.0000 0.0580 0.0000 -0.0812?;
20-Oct-98 am 0.0010 0.0440 0.9060 0.0060 0.0010 0.0530 0.0010 -0.0987 0.9220 -0.0060 0.0000 0.0590 0.0000 -0.0812?;
21-Oct-98 am 0.0010 0.0431 0.9120 0.0090 0.0010 0.0920 0.0010 -0.0921 0.9200 -0.0050 0.0000 0.0660 0.0000 -0.0834?:
24-Oct-98 pm 0.0010 0.0564 0.9120 0.0100 0.0020 0.1100 0.0010 -0.0921 0.9250 -0.0050 0.0010 0.0320 0.0000 -0.0780 ?:
31-Oct-98 am 0.0010 0.0257 0.8970 0.0030 0.0020 0.0100 0.0010 -0.1087 0.9190 -0.0070 0.0000 0.1070 0.0000 -0.0845 ?:
28-Dec-98 am 0.0010 0.0325 0.9000 0.0040 0.0010 0.0140 0.0010 -0.1054 0.9170 -0.0090 0.0000 0.1510 0.0000 -0.0866;?
full set 0.0790 0.9308 0.0100 -0.0728 0.9381 -0.0019 -0.0646 ?;
4.64 2.59 -40.26 ?:
regioni 0.1172 0.9527 0.0094 -0.0486 0.9426 -0.0016 -0.0601 ?:
1.5 0.9 -14.2002 S
region2 0 .1 4 3 9 0 .9 9 0 1
1 .2
0 .0 1 3 5 -0 .0 1 0 0 0 .9 6 9 0
1 .0
• 0.0016 -0 .0 3 1 5
-3 0 .7 3 8 5
regions 0 .0 3 3 5 0 .8 9 3 6
1 .9 0
0 .0 0 8 7 -0 .1 1 2 7 0 .9 2 2 5
2 .1 6
-0 .0 0 2 2 -0 .0 8 0 9
-2 6 .4 9
ragion4 0 .0 3 4 4 0 .8 8 3 0
1 .5
0 .0 0 8 7 -0 .1 2 4 5 0 .9 0 8 6
0 .8
-0 .0 0 1 7 -0 .0 9 5 9
-8 .5 6 3 7
region5 0 .0 3 8 1 0 .9 0 0 9
1.1
0 .0 0 6 9 -0 .1 0 4 4 0 .9 1 8 8
0 .7
-0 .0 0 5 8 ■ 0 .0 84 7
•8.3002








0.1439 0.0135 -0.0100 -0.0016
10.8873 27.3105 -118.3420 -218.4118




average offset TOMS retrivai region 1
DU 0.10 DU :oTOMS aerosol residua shift
with ratio
date average offset TOMS retrivai region 1
DU 0.10 DU to TOMS residual aerosol shift
17-Aug-96 am 273 300 0.0025 0.00343 0.3314
17-Aug-96 pm 300 330 0.0028 0.04658 0.3379
24-Aug-96 am 343 378 0.0044 -0.03637 0.2019
6-Sep-96 am 318 350 0.0087 -0.00757 0.3360
6-Sep-96 pm 313 345 0.0049 0.03944 0.3085
11-Od-96 pm 272 299 0.0037 0.09777 0.2600
13-Od-96 pm 340 374 0.0050 0.14467 0.2060
24-NOV-96 pm 327 360 0.0050 -0.01042 0.1305
28-Apr-97 am 237 261 263 0.90 0.0026 0.04127 0.2019
28-Apr-97 pm 249 274 263 0.95 0.0028 0.09355 0.1968
29-Apr-97 am 241 265 264 0.91 0.0024 0.08134 0.1945
30-Apr-97 am 257 283 270 0.95 0.0026 0.12506 0.1721
14-May-97 am 249 274 284 0.88 0.0035 0.17649 0.1520
25-May-97 am 233 256 262 0.89 0.0038 0.01214 0.1657
30-May-97 am 268 295 296 0.91 0.0031 -0.00767 0.1561
30-May-97 pm 273 300 296 0.92 0.0033 0.08748 0.1662
31-May-97 am 270 297 292 0.93 0.0028 0.07180 0.1465
31-May-97 pm 255 281 292 0.87 0.0029 0.03297 0.1565
5-Jun-97 pm 250 0.0026 0.08020 0.1483
7-Jun-97 pm 273 0.0028 0.01213 0.1465
8-Jun-97 am 255 0.0030 0.00589 0.1433
8-Jun-97 pm 268 0.0034 0.13549 0.1652
9-Jun-97 pm 253 0.0026 0.02539 0.1465
10-Jun-97 am 249 0.0038 0.09312 0.0984
21-Jun-97 am 254 0.0040 -0.00394 0.1327
23-Jun-97 pm 250 0.0027 0.01701 0.1327
IO-Jul-97 am 231 255 263 0.88 0.0037 -0.02601 0.1007
16-Jul-97 am 278 305 294 0.94 0.0032 -0.00462 0.1359
17-Jul-97 am 266 293 307 0.87 0.0029 -0.02313 0.1263
17-Jul-97 pm 287 315 307 0.93 0.0054 0.02477 0.1858
18-JUI-97 am 276 304 315 0.88 0.0029 0.03884 0.1012
19-Jui-97 am 269 296 301 0.89 0.0034 0.01418 0.1245
21-Jul-97 am 274 302 312 0.88 0.0030 0.01739 0.0879
28-JUI-97 pm 256 282 294 0.87 0.0028 0.03289 0.1401
30-JUI-97 am 280 308 305 0.92 0.0034 0.02554 0.0943
1-Aug-97 am 296 325 309 0.96 0.0030 0.02008 0.1140
1-Aug-97 pm 262 289 309 0.85 0.0028 0.02628 0.1126
3-Auq-97 am 253 0.0051 0.00666 0.0966
9-May-98 am 272 300 304 0.90 0.00316 -0.00368 0.0897
10-May-98 am 245 269 267 0.92 0.00364 -0.01356 0.0824
21-May-98 pm 258 284 278 0.93 0.00387 0.01516 0.092
22-May-98 am 251 276 259 0.97 0.00433 0.07817 0.0915
22-May-98 pm 261 287 259 1.01 0.00447 0.08713 0.0915
24-May-98 pm 256 0.00337 -0.03716 0.0783
25- May-98 am 276 0.00552 0.11993 0.0586
28-May-98 pm 244 268 273 0.89 0.00252 0.05170 0.1071
29-May-98 am 230 253 287 0.80 0.00409 0.03830 0.0362
29-May-98 pm 227 249 262 0.87 0.00225 0.01424 0.0888
14-Jun-98 pm 236 259 269 0.88 0.00232 0.03013 0.0883
18-Jun-98 am 253 278 296 0.85 0.00285 0.00180 0.0572
18-Jun-98 pm 248 273 296 0.84 0.00258 0.01101 0.0828
19-Jun-98 am 255 293 0.00311 0.13749 0.0847
27-Jun-98 am 281 310 335 0.84 0.00282 0.07387 0.0677
27-Juiv98 pm 287 315 335 0.86 0.00343 0.13676 0.1044
2-Jul-98 pm 271 299 359 0.00230 0.05013 0.0673
5-Jul-98 pm 268 296 0.00265 0.15037 0.0819
S-Jul-98 am 269 295 318 0.84 0.00303 0.06327 0.0398
9-Jul-98 am 281 309 343 0.82 0.00258 -0.00005 0.054
9-Jul-98 pm 297 327 343 0.87 0.00257 0.01846 0.0879
11-Jul-98 am 294 324 345 0.85 0.00262 -0.01664 0.0586
11-JUI-98 pm 308 339 345 0.89 0.00280 0.03834 0.0508
16-JUI-98 am 288 316 322 0.89 0.00229 0.01471 0.0709
22-JUI-98 am 283 311 318 0.89 0.00273 0.04755 0.0677
28-JUI-98 am 274 301 313 0.87 0.00380 0.06628 0.0929
28-JUI-98 pm 281 309 313 0.90 0.00247 0.03108 0.0691
29-JUI-98 pm 306 336 341 0.90 0.00639 0.02829 -5E-04
31-ÜUI-98 am 319 350 369 0.86 0.00258 0.01136 0.0705
31-JUI-98 pm 329 362 369 0.89 0.00273 0.03467 0.06
1-Aug-98 am 337 371 357 0.94 0.00303 -0.00617 0.0682
1-Aug-98 pm 267 357 0.00257 0.04620 0.0655
10-Aug-98 am 282 310 306 0.92 0.00411 0.08383 0.1245
10-Aug-98 pm 302 306 0.00316 0.10867 0.0714
11-Aug-98 am 323 355 313 1.03 0.00327 0.09959 0.0902
24-Aug-98 pm 302 332 371 0.81 0.00334 0.01140 0.0879
29-Aua-98 am 271 298 297 0.91 0.00313 0.06724 0.0847
17-Aug-96 pm





30- Apr-97 am 
14-May-97 am
25- May-97 am 
30-May-97 am
30- May-97 pm









































































































































































































































28- Sep-97 am 
30-Sep-97 am 
30-Sep-97 pm








































































































































































11-  Mar-98 am
11- Mar-98 pm
12- Mar-98 pm
20- Mar-98 am 
93-Mar-98 am
136 272 0.50 -0.0219
143 275 0.52 -0.0059
148 270 0.55 0.0008
203 275 0.74 -0.0113
182 271 0.67 -0.0079
187 273 0.69 -0.0085
177 276 0.64 -0.0077
146 274 0.53 -0.0044
182 269 0.67 -0.0076
1 0 269 0.67 -0.0044



































Table A4. Total column ozone retrieved from slopes of UV Langley and ratio-Langley analysis Pa90A4-2
Ratio-Lanqlev Langley
with ratio with ratio
date average offset TOMS ret rival region 1 date average offset TOMS retrivai region 1
DU 0.10 DU :o TOMS aerosol residua shift DU 0.10 DU to TOMS residual aerosol shift
28-Mar-98 am 144 259 0.56 -0.0077 ###### 0.5337 1-Sep-98 am 301 331 311 0.00340 0.14992 0.1172
3-Apr-98 am 150 276 0.54 -0.0012 ###### 0.6738 27-Sep-98 pm 326 358 353 0.00470 0.16525 0.1419
5-Apr-98 am 165 275 0.60 -0.0041 ###### 0.6632 7-Od-98 am 331 364 396 0.84 0.00345 0.00465 0.135
7-Apr-98 am 167 272 0.61 -0.0067 ###### 0.5708 8-Od-98 am 347 381 369 0.94 0.00367 0.02747 0.1117
8-Apr-98 am 224 268 0.83 . -0.0082 ###### 0.4623 14-Od-98 am 307 338 338 0.91 0.00305 0.04637 0.1547
18-Apr-98 am 170 -0.0127 ###### 0.5328 20-Od-98 am 256 281 340 0.00329 0.02729 0.1309
19-Apr-98 am 195 -0.0092 ###### 0.5163 21-Od-98 am 293 322 327 0.90 0.00335 0.01371 0.1364
27-Apr-98 am 175 -0.0134 ###### 0.5616 24-Od-98 pm 371 352 0.00535 0.15994 0.1442
9-May-98 am 272 299 304 0.89 -0.015 ###### 0.0888 31-Od-98 am 300 331 332 0.90 0.00501 0.03956 0.1588
10-May-98 am 247 271 267 0.92 -0.0118 ###### 0.0796 28-Dec-98 am 264 291 0.00298 0.01293 0.1694
22-May-98 am 252 278 259 0.97 -0.0163 ###### 0.0975
24-May-98 pm 264 290 -0.0105 ###### 0.0783
25-May-98 am 279 306 -0.0234 ###### 0.0632 Interval 1
28-May-98 pm 239 263 273 0.87 -0.0112 ###### 0.1066 average 271 290 0.904 0.0035 0.0397 0.17
29-May-98 am 229 251 287 0.80 -0.0045 ###### 0.0316 %stdev 10.21 6.42 3.48
29-May-98 pm 231 254 262 0.88 -0.0072 ###### 0.0897 Interval 4
14-Jun-98 pm 240 264 269 0.89 -0.0105 ###### 0.0893 average 276 315 0.888
18-Jun-98 am 258 284 296 0.87 -0.0085 ###### 0.0600 %stdev 10.00 10.67 6.08
18-Jun-98 pm 250 275 296 0.84 -0.0099 ###### 0.0938 Interval 5
19-Jun-98 aim 286 315 293 0.98 -0.0113 ###### 0.0851 average 310 346 0.897
27-Jun-98 am 283 311 335 0.85 -0.0118 ###### 0.0673 %stdev 11.42 7.21 4.23
27-Jun-98 pm 293 322 335 0.88 -0.0141 ###### 0.1021 Interval 1,4,5
2-Jul-98 pm 266 292 359 -0.0095 ###### 0.0627 average 0.902
5-Jul-98 pm 268 295 296 0.90 -0.0089 ###### 0.0865 %stdev 3.56
8-Jul-98 am 266 292 318 0.84 -0.0072 ###### 0.0417
g-Jul-98 am 283 311 343 0.82 -0.012 ###### 0.0554
g-Jul-98 pm 298 328 343 0.87 -0.0153 ###### 0.0906 Full
11-Jul-98 aim 298 327 345 0.86 -0.0126 ###### 0.0604 average 0.89
11-Jul-98 pm 313 344 345 0.91 -0.0134 ###### 0.0471 %stdev 4.93
16-Jul-98 am 289 318 322 0.90 -0.0127 ###### 0.0737
22-Jul-98 aim 282 310 318 0.89 -0.0129 ###### 0.0719
28-Jul-98 pm 282 310 313 0.90 -0.0113 ###### 0.0668
29-Jul-98 pm 302 333 341 0.89 -0.0085 ###### ######
31-Jul-98 am 321 353 369 0.87 -0.017 ###### 0.0755
31-Jul-98 pm 329 362 369 0.89 -0.0157 ###### 0.0581
1-Aug-98 am 340 374 357 0.95 -0.0171 ###### 0.0691
10-Aug-98 am 282 310 306 0.92 -0.0165 ###### 0.1263
10-Aug-98 pm 297 327 306 0.97 -0.0129 ###### 0.0723
11-Aug-98 am 321 353 313 -0.0145 ###### 0.0920
24-Aug-98 pm 302 332 371 0.81 -0.0151 ###### 0.0879
29-Auq-98 am 268 295 297 0.90 -0.0103 ###### 0.0879
1-Sep-98 am 301 332 311 0.97 -0.0128 ###### 0.1112
27-Sep-98 pm 320 352 353 0.91 -0.0153 ###### 0.1451
7-Od-98 am 328 361 396 0.83 -0.018 ###### 0.1364
8-Oct-98 am 348 382 369 0.94 -0.0176 ###### 0.1112
14-Oct-98 am 310 341 338 0.92 -0.0171 ###### 0.1524
20-Oct-98 am 259 340 -0.015 ###### 0.1346
21-Od-98 am 295 325 327 0.90 -0.0147 ###### 0.1373
24-Od-98 pm 359 394 352 -0.0173 ###### 0.1442
31-Od-98 am 301 332 332 0.91 -0.0191 ###### 0.1478
28-Dec-98 am 263 -0.0149 ###### 0.1698
Interval 1
average 271 291 0.910 -0.01 ###### 0.1534
%stdev 9.44 6.48 3.67
Interval 2,3
average 184.55 286 0.63 -0.01 0.6400
%stdev 16.32 7.30 14.44 -67.86
Interval 4







averaae 280 313 0.898
0.116
Table A5. The daily average total column ozone 
retrieved from individual ultraviolet spectra 




















































3 V) CL C fi»
28-Apr-97 263 227 227 0.864 0.0031
29-Apr-97 264 240 240 0.908 0.0040
30-Apr-97 270 260 260 0.963 0.0045
13-May-97 280 240 240 0.858 0.0055
14-May-97 284 252 252 0.887 0.0092
20-May-97 258 228 228 0.885 0.0078
25-May-97 262 229 229 0.873 0.0064
26-May-97 257 210 210 0.816 0.0209
27-May-97 262 240 240 0.918 0.0100
30-May-97 296 255 255 0.863 0.0114
31-May-97 292 256 256 0.875 0.0087
2-Jun-97 264 230 230 0.873 0.0070
5-Jun-97 251 251 0.0064
7-Jun-97 263 263 0.0076
8-Jun-97 251 251 0.0087
9-Jun-97 239 239 0.0060
16-JUI-97 294 251 251 0.853 0.0060
17-JUI-97 307 259 259 0.842 0.0060
19-JUI-97 301 255 255 0.847 0.0057
21-Jul-97 312 269 269 0.861 0.0064
22-JUI-97 308 263 263 0.855 0.0066
28-JUI-97 294 254 254 0.864 0.0058
30-JUI-97 305 265 265 0.869 0.0055
31-ÜUI-97 306 262 262 0.855 0.0052
1-Aug-97 309 259 259 0.838 0.0051
6-Aug-97 268 179 209 0.779 0.0187
7-Aug-97 187 218 0.0187
8-Aug-97 289 197 229 0.793 0.0194
9-Aug-97 271 192 223 0.824 0.0174
10-Aug-97 265 187 218 0.821 0.0160
11-Aug-97 272 182 211 0.777 0.0174
12-Aug-97 214 249 0.0141
13-Aug-97 291 201 234 0.805 0.0146
14-Aug-97 296 216 251 0.848 0.0128
15-Aug-97 276 207 241 0.874 0.0122
16-Aug-97 189 220 0.0154
17-Aug-97 219 255 0.0150
22-Aug-97 301 223 259 0.861 0.0168
23-Aug-97 291 234 258 0.887 0.0170
24-Aug-97 324 226 250 0.771 0.0169
25-Aug-97 321 247 273 0.850 0.0161
26-Aug-97 271 299 0.0122
27-Aug-97 309 240 265 0.856 0.0121
28-Aug-97 302 238 263 0.870 0.0126
8-Sep-97 223 246 0.0177
25-Oct-97 298 357 245 0.822 0.0118
26-Oct-97 297 347 238 0.801 0.0111
15-Dec-97 305 370 254 0.832 0.0119
26-Dec-97 295 418 286 0.971 0.0125
12-Jan-98 328 350 240 0.731 0.0113
13-Jan-98 280 378 259 0.924 0.0112
17-Jan-98 273 333 228 0.837 0.0095
20-Jan-98 276 351 241 0.873 0.0118
22-Jan-98 272 326 224 0.822 0.0124
23-Jan-98 278 365 250 0.899 0.0113
26-Jan-98 288 301 233 0.809 0.0096
27-Jan-98 280 314 243 0.868 0.0094
11-Feb-98 276 309 239 0.865 0.0106
18-Feb-98 275 292 225 0.819 0.0130
19-Feb-98 270 301 233 0.862 0.0133
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22-Feb-98 279 295 228 0.817 0.0101
24-Feb-98 272 309 239 0.879 0.0119
24-Feb-98 272 309 239 0.879 0.0119
25-Feb-98 275 301 233 0.846 0.0108
26-Feb-98 271 327 253 0.933 0.0122
3-Mar-98 277 303 234 0.845 0.0097
4-Mar-98 273 305 236 0.864 0.0128
11-Mar-98 269 295 228 0.847 0.0112
11-Mar-98 269 295 228 0.847 0.0112
12-Mar-98 267 298 230 0.861 0.0128
13-Mar-98 265 296 229 0.863 0.0106
20-Mar-98 279 294 227 0.814 0.0095
23-Mar-98 266 303 234 0.879 0.0105
28-Mar-98 259 267 206 0.796 0.0122
3-Apr-98 276 235 235 0.850 0.0083
5-Apr-98 273 242 242 0.885 0.0079
7-Apr-98 272 239 239 0.878 0.0083
8-Apr-98 268 230 230 0.857 0.0125
18-Apr-98 239 239 0.0106
19-Apr-98 221 221 0.0116
27-Apr-98 211 211 0.0095
21-May-98 278 216 216 0.776 0.0106
22-May-98 259 203 203 0.784 0.0080
24-May-98 212 212 0.0078
25-May-98 287 219 219 0.764 0.0084
27-May-98 267 237 237 0.889 0.0061
28-May-98 273 231 231 0.848 0.0068
29-May-98 262 225 225 0.858 0.0040
30-May-98 273 232 232 0.850 0.0041
14-Jun-98 269 231 231 0.857 0.0046
18-Jun-98 296 246 246 0.831 0.0046
26-Jun-98 348 276 276 0.792 0.0056
27-Jun-98 335 263 263 0.787 0.0069
29-Jun-98 343 277 277 0.807 0.0056
5-Jul-98 296 252 252 0.852 0.0061
8-JUI-98 318 274 274 0.861 0.0059
9-Jul-98 343 286 286 0.835 0.0056
H-Jul-98 345 287 287 0.831 0.0059
16-Jul-98 322 276 276 0.858 0.0055
22-JUI-98 318 269 269 0.846 0.0057
30-ÜUI-98 355 313 313 0.883 0.0067
10-Aug-98 306 260 260 0.850 0.0131
10-Aug-98 306 260 260 0.850 0.0131
10-Aug-98 306 260 260 0.850 0.0131
11-Aug-98 313 267 267 0.852 0.0133
24-Aug-98 371 303 303 0.816 0.0081
29-Aug-98 297 253 253 0.851 0.0101
31-Aug-98 302 278 278 0.919 0.0095
1-Sep-98 311 274 274 0.883 0.0089
2-Sep-98 308 277 277 0.900 0.0103
27-Sep-98 353 312 312 0.883 0.0078
14-Oct-98 338 295 295 0.872 0.0078
20-Oct-98 340 291 291 0.855 0.0070
25-Oct-98 340 301 301 0.885 0.0073
15-NOV-98 298 250 250 0.840 0.0142
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24/08/1996 am 3968243.spc 1013Í: 1.6921 5.431 0.021 0.0480 0.783 0.002 1.5221 4.582 0.009 0.0400 0.462 0.002 0.4990 1.647 0.016 0.0060 0.578 0.001 -0.5516 0.576 -0.007 0.0040 0.093 0.002
10/10/1996 am 396A111.spc 1006!;; 1.6775 5.352 0.030 0.0280 0.928 0.002; 1.4904 4.439 0.007 0.0220 0.522 0.002 0.4434 1.558 0.007 0.0040 0.377 0.001 -0.4589 0.632 0.012 0.0030 0.470 0.002
28/04/1997 am 397428l.spc 10245 1.6936 5.439 0.006 0.0460 0.199 0 .002 ; 1.5103 4.528 -0.012 0.0380 0.535 0.002 0.5625 1.755 0.029 0.0060 0.778 0.001 -0.4797 0.619 0.010 0.0040 0.205 0.002
28/04/1997 pm 3974281.spc 10205 1.6967 5.456 0.009 0.0480 0.409 0.002 1.5248 4.594 -0.011 0.0400 0.506 0.002 0.5194 1.681 0.023 0.0060 0.719 0.001 -0.4748 0.622 0.011 0.0050 0.226 0.002
29/04/1997 am 3974291.spc 10225 1.6906 5.423 0.002 0.0500 0.015 0.002 1.5200 4.572 -0.014 0.0420 0.502 0.002 0.5032 1.654 0.018 0.0060 0.605 0.001 -0.4620 0.630 0.014 0.0050 0.311 0.002
30/04/1997 am 3974301 .spc 10245 1.6864 5.400 0.003 0.0540 0.063 0.002 1.5373 4.652 -0.012 0.0460 0.516 0.002 0.4669 1.595 0.015 0.0060 0.455 0.001 -0.4684 0.626 0.012 0.0050 0.284 0.002
20/05/1997 am 3975201 .spc 10155 1.7080 5.518 0.002 0.0560 0.028 0.002 1.5343 4.638 -0.016 Q.0460 0.595 0.002 0.4837 1.622 0.017 0.0070 0.553 0.001 -0.4764 0.621 0.009 0.0050 0.132 0.002
25/05/1997 pm 3975251 .spc 10145 1.7042 5.497 0.008 0.0530 0.286 0.002 1.5328 4.631 -0.012 0.0440 0.498 0.002 0.4669 1.595 0.013 0.0060 0.481 0.001 -0.4829 0.617 0.008 0.0050 0.159 0.002
25/05/1997 pm 3975251 .spc 10145 1.7125 5.543 0.010 0.0340 0.440 0.001 1.5308 4.622 -0.013 0.0280 0.584 0.001 0.4916 1.635 0.018 0.0040 0.680 0.001 -0.4780 0.620 0.009 0.0030 0.234 0.001
30/05/1997 am 3975301 .spc 10185 1.7242 5.608 0.012 0.0360 0.608 0.001 1.5226 4.584 0.003 0.0280 0.102 0.001 0.5839 1.793 0.000 0.0060 0.000 0.001 -0.4780 0.620 0.010 0.0030 0.256 0.001
30/05/1997 pm 3975301 .spc 10185 1.7185 5.576 0.013 0.0380 0.593 0.002 1.5217 4.580 0.000 0.0310 0.001 0.001 0.6735 1.961 0.030 0.0070 0.853 0.001 -0.4813 0.618 0.009 0.0040 0.224 0.001
31/05/1997 pm 397531 l.spc 10225 1.7165 5.565 0.008 0.0410 0.328 0.002 1.5149 4.549 -0.007 0.0330 0.263 0.002 0.7129 2.040 0.044 0.0070 0.859 0.001 -0.4620 0.630 0.011 0.0040 0.317 0.001
7/06/1997 pm 3976071 .spc 10185 1.7485 5.746 0.014 0.0400 0.631 0.002 1.5304 4.620 0.000 0.0310 0.000 0.001 0.6785 1.971 0.028 0.0070 0.796 0.001 -0.4463 0.640 0.015 0.0040 0.543 0.001
8/06/1997 am 3976081.spc 10275 1.7174 5.570 0.008 0.0400 0.288 0.002 1.5164 4.556 -0.006 0.0310 0.257 0.002 0.6821 1.978 0.036 0.0070 0.909 0.001 -0.4604 0.631 0.012 0.0040 0.330 0.001
8/06/1997 pm 397608l.spc 10255 1.7203 5.586 0.009 0.0410 0.442 0.002 1.5310 4.623 -0.003 0.0330 0.053 0.002 0.6434 1.903 0.028 0.0070 0.852 0.001 -0.4541 0.635 0.013 0.0040 0.365 0.001
9/06/1997 am 3976091.spc 10275 1.7462 5.733 0.014 0.0680 0.356 0.002 1.5409 4.669 -0.002 0.0540 0.012 0.002 0.6360 1.889 0.031 0.0110 0.635 0.001 -0.4636 0.629 0.011 0.0060 0.228 0.002
9/06/1997 pm 397609l.spc 10245 1.7355 5.672 0.010 0.0400 0.500 0.002 1.5375 4.653 -0.002 0.0320 0.058 0.002 0.6627 1.940 0.030 0.0070 0.869 0.001 -0.4684 0.626 0.011 0.0040 0.309 0.001
10/06/1997 am 39761 OAspc 10255 1.7709 5.876 0.020 0.0430 0.772 0.002 1.5334 4.634 -0.003 0.0330 0.048 0.002 0.7159 2046 0.048 0.0070 0.936 0.001 -0.4620 0.630 0.012 0.0040 0.309 0.001
21/06/1997 pm 397621 l.spc 10285 1.7129 5.545 0.013 0.0440 0.500 0.002 1.5149 4.549 -0.006 0.0360 0.196 0.002 0.6836 1.981 0.046 0.0070 0.932 0.001 -0.4732 0.623 0.009 0.0040 0.181 0.001
23/06/1997 pm 3976231 .spc 1021 5 1.7219 5.595 0.015 0.0400 0.696 0.002 1.5334 4.634 -0.001 0.0320 0.007 0.002 0.6745 1.963 0.040 0.0070 0.901 0.001 -0.4620 0.630 0.011 0.0040 0.284 0.001
24/06/1997 am 3976241 .spc 1021 5 1.7249 5.612 0.015 0.0390 0.638 0.002 1.5171 4.559 -0.004 0.0310 0.139 0.002 0.6647 1.944 0.036 0.0070 0.896 0.001 -0.4463 0.640 0.015 0.0040 0.447 0.001
10/07/1997 am 3977101 .spc 10245 1.7490 5.749 0.002 0.0430 0.032 0.002 1.5386 4.658 -0.007 0.0340 0.242 0.002 0.6313 1.880 0.021 0.0070 0.729 0.001 -0.4494 0.638 0.013 0.0040 0.346 0.001
10/07/1997 pm 3977101 .spc 10245 1.7290 5.635 0.001 0.0450 0.002 0.002 1.5195 4.570 -0.013 0.0350 0.542 0.002 0.6005 1.823 0.025 0.0070 0.777 0.001 -0.4447 0.641 0.016 0.0040 0.441 0.001
16/07/1997 pm 3977162.spc 10155 1.7714 5.879 0.016 0.0410 0.679 0.002 1.5388 4.659 0.001 0.0310 0.018 0.001 0.6647 1.944 0.023 0.0070 0.743 0.001 -0.4526 0.636 0.014 0.0040 0.358 0.001
17/07/1997 am 3977171 .spc 10245 1.7680 5.859 0.014 0.0420 0.755 0.002 1.5562 4.741 0.003 0.0320 0.129 0.002 0.6560 1.927 0.023 0.0070 0.847 0.001 -0.4292 0.651 0.018 0.0040 0.503 0.001
17/07/1997 0m 3977171.spc 10235 1.7290 5.635 0.006 0.0430 0.278 0.002 1.5213 4.578 -0.006 0.0340 0.287 0.002 0.6471 1.910 0.033 0.0070 0.824 0.001 -0.4620 0.630 0.011 0.0040 0.352 0.001
18/07/1997 am 3977181 .spc 10295 1.7355 5.672 0.005 0.0540 0.122 0.002 1.5180 4.563 -0.012 0.0420 0.436 0.002 0.5988 1.820 0.027 0.0080 0.664 0.001 -0.4447 0.641 0.013 0.0050 0.331 0.002
18/07/1997 pm 3977181.spc 10275 1.7270 5.624 0.011 0.0490 0.388 0.002 1.5258 4.599 -0.004 0.0390 0.076 0.002 0.6481 1.912 0.036 0.0080 0.882 0.001 -0.4636 0.629 0.011 0.0040 0.217 0.002
19/07/1997 am 3977191.spc 10295 1.7542 5.779 0.010 0.0430 0.464 0.002 1.5377 4.654 -0.003 0.0340 0.073 0.002 0.6313 1.880 0.025 0.0070 0.810 0.001 -0.4573 0.633 0.010 0.0040 0.334 0.001
19/07/1997 pm 3977191.spc 10275 1.7427 5.713 0.012 0.0430 0.553 0.002 1.5328 4.631 -0.002 0.0340 0.036 0.002 0.6238 1.866 0.026 0.0070 0.835 0.001 -0.4589 0.632 0.011 0.0040 0.332 0.001
20/07/1997 am 3977201 .spc 10295 1.7403 5.699 0.009 0.0470 0.439 Ó.002 1.5289 4.613 -0.004 0.0360 0.112 0.002 0.5783 1.783 0.021 0.0070 0.712 0.001 -0.4620 0.630 0.009 0.0040 0.243 0.001
20/07/1997 pm 3977201 .spc 10275 1.7318 5.651 0.013 0.0480 0.579 0.002 1.5373 4.652 -0.001 0.0390 0.007 0.002 0.5412 1.718 0.018 0.0070 0.678 0.001 -0.4541 0.635 0.011 0.0040 0.209 0.002
21/07/1997 am 397721 l.spc 1029? 1.7659 5.847 0.016 0.0450 0.661 0.002 1.5308 4.622 -0.001 0.0340 0.013 0.002 0.6796 1.973 0.036 0.0070 0.848 0.001 -0.4463 0.640 0.012 0.0040 0.363 0.001
28/07/1997 pm 3977281 .spc 1018; 1.7495 5.752 0.017 0.0430 0.703 0.002 1.5482 4.703 0.003 0.0340 0.064 0.002 0.6719 1.958 0.033 0.0070 0.837 0.001 -0.4589 0.632 0.012 0.0040 0.319 0.001
29/07/1997 pm 397729l.spc 1023; 1.7156 5.560 0.005 0.0460 0.142 0.002 1.5120 4.536 -0.009 0.0360 0.371 0.002 0.6070 1.835 0.028 0.0070 0.805 0.001 -0.4620 0.630 0.012 0.0040 0.271 0.002
30/07/1997 pm 3977301.spc 1022; 1.7422 5.710 0.013 0.0450 0.551 0.002 1.5306 4.621 -0.002 0.0350 0.053 0.002 0.6397 1.896 0.032 0.0070 0.879 0.001 -0.4541 0.635 0.013 0.0040 0.321 0.001
20/01/1998 am 3981201 .spc 1007Í 1.7810 5.936 0.083 0.0380 0.973 0.001 1.5994 4.950 0.049 0.0320 0.953 0.001 0.4574 1.580 0.024 0.0040 0.873 0.001 -0.5551 0.574 -0.005 0.0040 0.073 0.001
22/01/1998 am 3981221 .spc 1006; 1.6832 5.383 0.060 0.0360 0.951 0.001 1.4752 4.372 0.033 0.0290 0.876 0.001 0.4574 1.580 0.018 0.0040 0.690 0.001 -0.5142 0.598 0.004 0.0040 0.080 0.00123/01/1998 am 3981231 .spc 1002; 1.7311 5.647 0.113 0.0580 0.971 0.002 1.5507 4.715 0.083 0.0470 0.957 0.002 0.4606 1.585 0.028 0.0060 0.778 0.001 -0.5534 0.575 -0.009 0.0060 0.127 0.00228/01/1998 am 3981281 .spc 1004; 1.7646 5.839 0.073 0.0380 0.963 0.001 1.5409 4.669 0.040 0.0300 0.909 0.001 0.4523 1.572 0.017 0.0040 0.670 0.001 -0.5586 0.572 -0.003 0.0040 0.042 0.00118/02/1998 am 3982181.spc 1016; 1.6626 5.273 0.047 0.0400 0.950 0.002 1.4455 4.244 0.023 0.0310 0.857 0.002 0.4568 1.579 0.013 0.0050 0.626 0.001 -0.5430 0.581 0.000 0.0040 0.000 0.00219/02/1998 am 398219l.spc 1009; 1.6409 5.160 0.048 0.0410 0.892 0.002 1.4455 4.244 0.028 0.0330 0.768 0.002 0.4492 1.567 0.013 0.0050 0.469 0.001 -0.5516 0.576 -0 003 0 0040 0 024 0 00225/02/1998 am 3982251 .spc 1015;! 1.6407 5.159 0.052 0.0500 0.943 0.002 1.4639 4.323 0.030 0.0420 0.846 0.002 0.4472 1.564 0.017 0.0060 0.556 0.001 -0.5344 0.586 0003 0 0060 0 015 0 00?10/03/1998 am 398311 l.spc 1018;! 1.7037 5.494 0.052 0.0430 0.952 0.002 1.4920 4.446 0.033 0.0340 0.896 0.002 0.4688 1.598 0.014 0.0050 0.568 0.001 -0.5674 0 567 -0 005 0,0040 DOfiP n no?20/03/1998 am 3983201 .spc 1016; 1.6400 5.155 0.053 0.0480 0.926 0.002 1.4446 4.240 0.030 0.0390 0.794 0.002 0.4207 1.523 0.010 0.0060 0.271 0.001 -0.5960 0.551 -0 011 nnnm n isa 0.002S 23/03/1998 am 3983231 .spc 1010; 1.6548 5.232 0.061 0.0450 0.950 0.002 1.4637 4.322 0.033 0.0370 0.863 0.002:;; 0.4421 1.556 0.019 0.0050 0.749 0.001 -0.5569 0.573 -0.003 0.0050 0.020 0.002
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1/08/1998 am 398801 l.spc 10205; 1.8393 6.292 0.072 0.0340 0.979 0.001 : 1.5442 4.684 0.049 0.0240 0.958 0.001 0.4625 1.588 0.008 0.0040 0.347 0.001 -0.5656 0.568 -0.003 0.0030 0.041 0.001
1/08/1998 pm 398801 l.spc 1012S 1.8071 6.093 0.063 0.0480 0.960 0.002 ; 1.5116 4.534 0.037 0.0340 0.902 0.002 0.4421 1.556 0.003 0.0050 0.062 0.001 -0.5430 0.581 0.001 0.0040 0.002 0.002
10/08/1998 pm 3988103.spc 1017:5 1.6763 5.346 0.049 0.0420 0.939 0.002 : 1.4623 4.316 0.032 0.0330 0.881 0.002 0.4428 1.557 0.007 0.0050 0.195 0.001 -0.5569 0.573 -0.003 0.0040 0.022 0.002
11/08/1998 am 398811 l.spc 10165! 1.6923 5.432 0.056 0.0380 0.956 0.002 1.4734 4.364 0.039 0.0300 0.909 0.001 0.4600 1.584 0.010 0.0050 0.343 0.001 -0.5586 0.572 -0.003 0.0040 0.039 0.002
24/08/1998 pm 3988241 .spc 10245; 1.6894 5.416 0.052 0.0410 0.935 0.002 1.4572 4.294 0.031 0.0310 0.856 0.002 0.4581 1.581 0.010 0.0050 0.306 0.001 -0.5604 0.571 -0.003 0.0040 0.023 0.002
27/09/1998 pm 3989271 .spc 10155: 1.6810 5.371 0.061 0.0480 0.943 0.002 1.4709 4.353 0.039 0.0380 0.888 0.002 0.4581 1.581 0.015 0.0060 0.589 0.001 -0.5534 0.575 -0.002 0.0050 0.006 0.002
7/10/1998 am 398A071.spc 10035: 1.7340 5.663 0.050 0.0430 0.950 0.002 1.4850 4.415 0.034 0.0320 0.903 0.002 0.4568 1.579 0.005 0.0060 0.173 0.001 -0.5692 0.566 -0.003 0.0040 0.041 0.002
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17/08/1996 am 3968172.spc 1011.93 ; 6.74 846 0.056 6.735 0.992 0.002 6.53 682 0.048 6.219 0.985 0.0 0 2 : 5 50 245 0.021 4.831
24/08/1996 am 3968243. spc 1012.69 7.59 1981 0.029 5.980 0.997 0.001 7.41 1654 0.017 5.431 0.995 0.001 6.40 600 0.024 4.906
10/10/1996 am 396A111.spc 1005.71 7.87 2621 0.083 4.064 0.996 0.001 7.68 2157 0.059 3.729 0.997 0.001 6.64 762 0.059 3.445
10/10/1996 pm 396A111.spc 998.53 7.86 2601 0.087 16.867 0.991 0.002 7.69 2194 0.058 14.490 0.990 0.002 6.61 741 0.063 13.108
12/10/1996 pm 396A131.spc 1018.54 8.08 3224 0.140 7.200 0.993 0.001 7.94 2797 0.133 6.507 0.991 0.001 6.78 877 0.090 4.504
28/04/1997 am 3974281. spc 1024.23 7.88 2648 0.065 7.423 0.994 0.001 7.66 2125 0.042 6.016 0.990 0.001 6.74 850 0.087 6.374
28/04/1997 pm 3974281.spc 1019.81 7.82 2498 0.062 6.858 0.995 0.001 7.63 2062 0.041 6.006 0.995 0.001 6.65 772 0.077 6.112
29/04/1997 am 3974291. spc 1022.19 7.78 2394 0.057 6.756 0.993 0.001 7.59 1979 0.040 6.005 0.993 0.001 6.59 729 0.073 6.060
30/04/1997 am 3974301. spc 1024.15 7.74 2295 0.071 7.092 0.997 0.001 7.57 1945 0.056 6.335 0.998 0.001 6.52 678 0.083 6.217
30/04/1997 pm 3974301.spc 1022.27 7.86 2601 0.099 8.485 0.991 0.001 7.66 2122 0.073 7.425 0.982 0.001 : 6.69 802 0.116 7.805
20/05/1997 am 3975201. spc 1015.39 7.72 2250 0.066 6.742 0.995 0.001 7.52 1852 0 046 5.900 0.994 0.001 6.50 662 0.081 6.008
25/05/1997 am 3975251. spc 1016.73 7.78 2382 0.061 8.259 0.992 0.001 7.58 1964 0.045 7.405 0.986 0.001 6.59 730 0.083 7.644
25/05/1997 am 3975251.spc 1016.73 7.78 2382 0.061 8.259 0.992 0.001 7.58 1964 0.045 7.405 0.986 0.001 6.59 730 0.083 7.644
30/05/1997 am 3975301.spc 1017.91 7.88 2646 0.013 5.247 0.991 0.000 7.66 2118 0.002 4.816 0.983 0.001 6.73 841 -0.001 4.297
30/05/1997 pm 3975301.spc 1017.85 7.84 2539 0.023 5.508 0.990 0.000 7.62 2043 0.009 4.961 0.982 0.001 6.79 890 0.040 4.954
7/06/1997 pm 3976071.spc 1018.21 7.91 2719 0.031 5.794 0.994 0.000 7.67 2136 0.015 5.094 0.988 0.001 6.83 927 0.043 5.044
8/06/1997 am 3976081.spc 1027.08 7.91 2735 0.042 5.892 0.995 0.000 7.69 2179 0.025 5.251 0.990 0.001 6.88 970 0.070 5.585
9/06/1997 pm 3976091. spc 1024.08 7.85 2557 0.024 5.471 0.992 0.000 7.63 2051 0.010 4.941 0.986 0.001 6.77 872 0.043 4.984
10/06/1997 am 397610A.spc 1025.13 8.01 2998 0.071 6.868 0.994 0.001 7.75 2315 0.047 5.994 0.987 0.001 6.95 1048 0.100 6.415
23/06/1997 pm 3976231. spc 1020.86 7.88 2646 0.043 5.905 0.990 0.001 7.67 2147 0.026 5.245 0.983 0.001 6.84 931 0.069 5.528
16/07/1997 am 3977162.spc 1017.70 7.86 2603 0.021 4.071 0.990 0.000 7.61 2011 0.005 3.633 0.981 0.000 6.67 790 0.012 3.334
16/07/1997 pm 3977162.spc 1015.18 7.90 2690 0.025 5.585 0.992 0.000 7.65 2090 0.009 4.999 0.984 0.001 6.79 885 0.031 4.835
17/07/1997 am 3977171.spc 1024.35 7.84 2532 0.016 5.353 0.992 0.000 7.60 2008 0.004 4.877 0.985 0.001 6.72 831 0.024 4.639
19/07/1997 am 3977191. spc 1029.4 7.84 2528 0.026 5.565 0.994 0.001 7.60 1991 0.012 5.021 0.990 0.001 6.71 822 0.041 4.967
19/07/1997 pm 3977191. spc 1026.64 7.81 2466 0.027 5.682 0.992 0.001 7.58 1954 0.011 5.142 0.990 0.001 6.69 806 0.041 5.041
21/07/1997 am 3977211.spc 1029.01 7.91 2737 0.048 6.286 0.994 0.001 7.66 2130 0.030 5.562 0.991 0.001 6.83 925 0.068 5.736
28/07/1997 pm 3977281.spc 1018.445 7.83 2509 0.022 5.666 0.993 0.001 7.61 2016 0.007 5.105 0.986 0.001 6.75 852 0.038 5.102
30/07/1997 pm 3977301. spc 1021.575 7.85 2564 0.040 6.079 0.992 0.001 7.62 2032 0.024 5.415 0.991 0.001 6.75 853 0.060 5.535
13/01/1998 am 3981131.spc 1017.723 7.23 1385 0.109 8.895 0.997 0.001 7.08 1191 0.084 7.620 0.997 0.001 6.01 407 0.072 6.395
20/01/1998 am 3981201.spc 1007.445 8.23 3760 0.142 10.424 0.996 0.001 8.05 3119 0.108 8.556 0.996 0.001 6.90 994 0.082 6.693
22/01/1998 am 3981221.spc 1006.475 7.96 2878 0.093 8.314 0.991 0.001 7.75 2320 0.064 7.011 0.991 0.001 6.73 840 0.050 5.77423/01/1998 am 3981231.spc 1002.035 828 3961 0.303 23.431 0.993 0.001 8.09 3265 0.271 19.375 0.992 0.001 7.02 1120 0.220 13.55728/01/1998 am 3981281.spc 1003.795 8.17 3532 0.128 9.613 0.996 0.001 7.93 2790 0.091 7.841 0.997 0.001 6.85 942 0.070 6.25018/02/1998 am 3982181.spc 1015.87 7.97 2888 0.105 8.955 0.997 0.001 7.75 2326 0.082 7.735 0.996 0.001 6.76 862 0.072 6.45525/02/1998 am 3982251. spc 1015.06 7.74 2289 0.128 9.981 0.995 0.001 7.56 1917 0.106 8.664 0.996 0.001 6.54 695 0.093 7.05026/02/1998 am 3982261.spc 1013.94 7.62 2038 0.153 11.055 0.997 0.001 7.44 1698 0.126 9.374 0.996 0.001 6.43 622 0.117 7.8663/03/1998 am 3983041. spc 1011.175 8.01 3012 0.132 20.089 0.994 0.002 7.81 2470 0.106 17.444 0.993 0.002 6.76 866 0.087 14.32710/03/1998 am 3983111. spc 1018.44 7.94 2814 0.112 9.001 0.996 0.001 7.73 2266 0.091 7.853 0.997 0.001 6.71 820 0.073 6.39220/03/1998 am 3983201.spc 1016.12 7.76 2344 0.125 9.628 0.996 0.001 7.57 1940 0.104 8.367 0.994 0.001 6.54 692 0.082 6.64023/03/1998 am 3983231.spc 1010.165 7.92 2743 0.148 10.758 0.998 0.001 7.72 2255 0.118 8.989 0.998 0.001 6.71 820 0.107 7.5023/04/1998 am 3984031. spc 1019.845 8.04 3114 0.151 15.567 0.990 0.001 7.83 2515 0.130 13.691 0.986 0.001 6.80 901 0.109 11.0878/04/1998 am 3984081. spc 1015.015 8.01 3006 0.152 16.379 0.996 0.001 7,79 2408 0.125 14.041 0.996 0.001 6.76 863 0.107 11.50521/05/1998 pm 3985211. spc 1008.525 8.06 3167 0.083 7.239 0.995 0.001 7.82 2495 0.055 6.112 0.994 0.001 6.78 884 0.031 4.84122/05/1998 am 3985221. spc 1013.56 8 09 3249 0.070 6.988 0.998 0.000 7.80 2444 0.047 5.917 0.995 0.001 6.77 872 0.021 4.65024/05/1998 pm 3985241.spc 1008.563 8.05 3135 0.085 7.686 0.996 0.001 7.76 2356 0.053 6.028 0.992 0.001 6.77 872 0.035 4.88928/05/1998 pm 3985281. spc 1019.79 8.35 4248 0.102 7.892 0.995 0.000 8.16 3510 0.091 7.200 0.998 0.000 7.06 1159 0.050 5.24129/05/1998 pm 3985291. spc 1017.02 8.15 3448 0.029 5.702 0.996 0.000 8.02 3029 0.038 5.677 0.995 0.000 6.95 1046 0.009 4.39530/05/1998 am 3985301.spc 1021.805 8.19 3613 0.043 6.116 0.994 0.000 8.05 3122 0.051 5.939 0.995 0.000 6.97 1067 0.017 4.49314/06/1998 pm 3986141.spc 1013.485 8.26 3872 0.103 7.621 0.997 0.000 8.00 2970 0.075 6.416 0.994 0.000;: 6.94 1029 0.044 4.917
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17/08/1996 am 3968172.spc 0.853 0.004 : 5.01 150 0.013 4.498 0.663 o.oo7 ; 4.50 90 0.020 4.478 0.491 0.011
24/08/1996 am 3968243. spc 0.976 0.002 5.90 365 0.008 4.445 0.914 0.003 5.35 210 0.002 4.256 0.618 0.005
10/10/1996 am 396A111.spc 0.992 0.002 6.19 489 0.052 3.318 0.989 0.003 5.73 309 0.064 3.368 0.978 0.004
10/10/1996 pm 396A111.spc 0.983 0.004 6.16 473 0.040 11.618 0.969 0.006 5.68 294 0.047 11.679 0.961 0.010
12/10/1996 pm 396A131.spc 0.994 0.001 6.30 547 0.077 4.069 0.993 0.002 5.84 343 0.080 4.074 0.991 0.003
28/04/1997 am 3974281.spc 0.973 0.002 6.18 481 0.057 5.392 0.965 0.003 5.70 297 0.066 5.498 0 960 0.004
28/04/1997 pm 3974281.spc 0.985 0.002 6.12 457 0.053 5.315 0.974 0.003 5.65 284 0.063 5.442 0.959 0.004
29/04/1997 am 3974291. spc 0.980 0.002 6.09 441 0.055 5.389 0.954 0.003 5.63 278 0.069 5.600 0.951 0.005
30/04/1997 am 3974301.spc 0.984 0.002 6.05 425 0.068 5.619 0.980 0.003 5.58 266 0.080 5.777 0.961 0.005
30/04/1997 pm 3974301.spc 0.977 0.003 6.17 476 0.087 6.801 0.959 0.004 5.70 298 0.099 6,948 0.941 0.006
20/05/1997 am 3975201. spc 0.986 0.002 ; 6.01 408 0.064 5.375 0.969 0.003 5.53 253 0.073 5.449 0.955 0.005
25/05/1997 am 3975251.spc 0.972 0.002 6.11 449 0.071 7.076 0.961 0.004 5.64 282 0.082 7.171 0 932 0.006
25/05/1997 am 3975251. spc 0.972 0.002 6.11 449 0.071 7.076 0.961 0.004 5.64 282 0.082 7.171 0.932 0.00630/05/1997 am 3975301.spc 0.822 0.001 6.16 472 0.000 4.071 0.813 0.002 5.68 292 0.011 4.129 0.807 0.00330/05/1997 pm 3975301.spc 0.955 0.001 6.12 456 0.010 4.217 0.855 0.002 5.64 281 0.019 4.271 0.872 0.0037/06/1997 pm 3976071. spc 0.952 0.001 6.16 472 0.016 4.326 0.924 0.002 5.71 303 0.031 4.546 0.936 0.0038/06/1997 am 3976081.spc 0.982 0.001 / 6.20 491 0.034 4.596 0.954 0.002 5.73 309 0.046 4.707 0.950 0.0039/06/1997 pm 3976091. spc 0.960 0.001 , 6.11 451 0.014 4.243 0.913 0.002 5.64 282 0.025 4.316 0.897 0.00310/06/1997 am 397610A.spc 0.988 0.001 ; 6.24 513 0.052 5.001 0.963 0.002 5.77 321 0.063 5.125 0.960 0.00423/06/1997 pm 3976231. spc 0.974 0.001 : 6.16 473 0.029 4.475 0.929 0.002 5.70 298 0.039 4.571 0.927 0.00316/07/1997 am 3977162.spc 0.897 0.001 6.06 428 -0.001 3.111 0.793 0.002 5.62 277 0.016 3.190 0.824 0.00316/07/1997 pm 3977162.spc 0.919 0.001 6.13 457 0.009 4.245 0.866 0.002 5.67 291 0.022 4.363 0.872 0.00317/07/1997 am 3977171. spc 0.959 0.001: 6.07 432 0.002 4.122 0.884 0.002 5.64 281 0.019 4.272 0.844 0.00319/07/1997 am 3977191.spc 0.978 0.001 6.08 437 0.016 4.310 0.944 0.002 5.62 277 0.027 4.402 0.922 0.00419/07/1997 pm 3977191.spc 0.975 0.001 6.07 432 0.015 4.360 0.907 0.002 5.61 273 0.027 4.460 0.904 0.00421/07/1997 am 3977211. spc 0.984 0.001 6.15 468 0.032 4.725 0.946 0.002 5.70 299 0.043 4.838 0.939 0.00428/07/1997 pm 3977281.spc 0.937 0.001 6.08 436 0.005 4.380 0.837 0.002 5.62 276 0.019 4.412 0.852 0.00430/07/1997 pm 3977301.spc 0.978 0.001 6.11 448 0.028 4.642 0.952 0.002 5.65 285 0.041 4.779 0.919 0.00413/01/1998 am 3981131.spc 0.982 0.004 5.60 269 0.059 5.718 0.958 0.005 5.05 157 0.056 5.482 0.930 0.00820/01/1998 am 3981201.spc 0.992 0.002 6.44 628 0.058 5.809 0.981 0.002 5.89 360 0.053 5.570 0.959 0.00322/01/1998 am 3981221.spc 0.982 0.002 6.28 532 0.032 5.166 0.954 0.002 5.76 318 0.036 5.150 0.928 0.00423/01/1998 am 3981231.spc 0.990 0.003 6.57 712 0.194 11.672 0.988 0.004 6.02 411 0.186 10.973 0.976 0.00628/01/1998 am 3981281.spc 0.992 0.001 6.39 599 0.052 5.595 0.984 0.002 5.84 343 0.049 5.381 0.952 0.00418/02/1998 am 3982181.spc 0.988 0.002 6.30 546 0.058 5.879 0.980 0.002 5.76 318 0.058 5.730 0.956 0.00425/02/1998 am 3982251. spc 0.988 0.002 : 6.10 444 0.076 6.298 0.978 0.003 5.56 259 0.079 6.209 0.950 0.00526/02/1998 am 3982261. spc 0.991 0.003 5.99 401 0.098 6.949 0.980 0.004 5.45 232 0.097 6.833 0.970 0.0073/03/1998 am 3983041. spc 0.967 0.004 6.32 555 0.072 13.133 0.946 0.006 5.78 325 0.075 12 990 0.894 0.01010/03/1998 am 3983111. spc 0.992 0.002 6.24 511 0.059 5.736 0.980 0.003 5.67 290 0.053 5.463 0 949 0.00420/03/1998 am 3983201. spc 0.986 0.002 6.12 455 0.072 6.112 0.974 0.003 5.53 253 0.063 5 755 0.931 0.00523/03/1998 am 3983231.spc 0.994 0.002 6.26 525 0.087 6.594 0.986 0.003 5.71 301 0.084 6.354 0.964 0.0053/04/1998 am 3984031. spc 0.981 0.003 6.34 568 0.097 10.151 0.953 0.004 5.79 326 0.096 9.908 0.938 0.0078/04/1998 am 3984081. spc 0.984 0.003 6.30 543 0,092 10.454 0.979 0.005 5.73 308 0 088 10 087 0 945 0.00821/05/1998 pm 3985211.spc 0.978 0.001 6.34 567 0.019 4.456 0.946 0.002 5.78 324 0.016 4 299 0 905 0.00322/05/1998 am 3985221. spc 0.967 0.001 6.31 548 0.013 4.348 0.943 0.002 5.75 314 0 011 4 212 0 845 0 00324/05/1998 pm 3985241. spc 0.975 0.001 6.31 549 0.025 4.511 0.956 0.002 5.75 314 0 022 4 364 0 884 0 00328/05/1998 pm 3985281. spc 0.993 0.001 6.60 736 0.040 4.820 0.980 0.001 6.06 427 0 038 4 673 0 969 0 00229/05/1998 pm 3985291. spc 0.971 0.001 6.52 677 0.007 4.221 0.944 0.001 5.97 392 0 005 4 105 0 873 0 00230/05/1998 am 3985301. spc 0.981 0.001 6.51 675 0.013 4.280 0.953 0.001 5.96 389 0 011 4 129 0 892 0 00214/06/1998 pm 3986141. spc 0.990 0.001 6.47 646 0.032 4.506 0.967 0.002 5.91 369 0.029 4.342 0.939 0.003
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date am file press In So So Slope Sosig rs2 slopesig In So So Slope Sosig rs2 slopesig In So So Slope Sosig
wavelength pm 592 592 592 592 592 592 613 613 613 613 613 613 710 710 710 710
18/06/1998 am 3986181.spc 1027.16 8.30 4007 0.097 8.763 0.992 0.001 7 8.10 3287 0.085 7.789 0.996 0.001 7.00 1100 0.046 5.764
27/06/1998 am 3986271.spc 1019.465 . 8.29 3982 0.142 9.106 0.995 0.001 8.01 3003 0.115 7.700 0.996 0.001 6.99 1086 0.082 5.836
29/06/1998 am 3986291.spc 1010.69 8.24 3783 0.078 6.962 0.995 0.000 8.04 3116 0.070 6.386 0.994 0.000 6.96 1052 0.028 4.682
3/07/1998 am 3987031.spc 1026.97 ; 8.17 3517 0.120 8.250 0.997 0.001 7.88 2652 0.093 7.003 0.995 0.001 6.85 945 0.066 5.420
7/07/1998 am 3987071.spc 1017.15 8.08 3230 0.092 7.264 0.993 0.001 7.86 2592 0.078 6.563 0.994 0.001 6.85 942 0.058 5.238
8/07/1998 am 3987081.spc 1013.27 8.15 3462 0.091 7.227 0.995 0.000 7.87 2612 0.066 6.169 0.992 0.001 6.79 889 0.034 4.711
9/07/1998 pm 3987091.spc 1012 8.19 3619 0.080 6.990 0.993 0.000 7.92 2758 0.064 6.203 0.987 0.001 6.84 934 0.027 4.626
11/07/1998 am 3987111. spc 1024.74 8.15 3478 0.097 7.502 0.994 0.000 7.86 2594 0.071 6.394 0.992 0.001 6.81 908 0.041 4.890
16/07/1998 am 3987161.spc 1019.865 8.19 3602 0.088 8.151 0.996 0.001 7.91 2713 0.065 7.041 0.995 0.001 6.82 913 0.028 5.273
22/07/1998 am 3987221.spc 1015.67 ; 8.18 3564 0.102 8.080 0.994 0.001 7.87 2623 0.069 6.416 0.992 0.001 6.82 914 0.042 4.980
31/07/1998 pm 3987311.spc 1014.375 8.10 3299 0.075 7.177 0.997 0.000 7.80 2444 0.053 6.227 0.994 0.001 6.75 858 0.018 4.700
1/08/1998 am 3988011. spc 1020.21 : 8.17 3536 0.085 7.331 0.996 0.000 7.87 2616 0.060 6.263 0.992 0.001 6.79 890 0.020 4.614
10/08/1998 pm 3988103. spc 1017.12 7.79 2424 0.092 8.018 0.997 0.001 7.57 1937 0.073 6.911 0.994 0.001 6.55 701 0.048 5.411
11/08/1998 am 3988111.spc 1016.345 7.83 2505 0.082 7.475 0.996 0.001 7.60 2006 0.064 6.624 0.995 0.001 6.59 730 0.036 5.104
24/08/1998 pm 3988241.spc 1024.48 7.93 2774 0.105 8.763 0.995 0.001 7.68 2165 0.081 7.695 0.994 0.001 6.69 803 0.061 6.179
24/10/1998 pm 398A241.spc 1011.91 : 7.73 2283 0.139 10.393 0.997 0.001 7.52 1847 0.115 8.952 0.997 0.001 6.48 653 0.086 6.838
average 8 2889 0.084 8.223 0.994 0.001 8 2309 0.064 7.156 0.992 0.001 7 848 0.060 6.090
% standard deviation 3.2 0.222 3.2 0.466 3.4
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date am file rs2 slopesig In So So Slope Sosig rs2 slopesig In So So Slope Sosig rs2 slopesig
wavelength pm 710 710 750 750 750 750 750 750 780 780 780 780 780 780
18/06/1998 am 3986181.spc 0.980 0 001 6.52 681 0.031 5.351 0.956 0.002 A 5.99 399 0.034 5.168 0.936 0.003
27/06/1998 am 3986271. spc 0.991 0.001 6.53 685 0.073 5.416 0.981 0.002 5.98 397 0.072 5.268 0.973 0.003
29/06/1998 am 3986291.spc 0.973 0.001 6.51 669 0.021 4.372 0.947 0.001 5.95 383 0.017 4.208 0.867 0.002
3/07/1998 am 3987031. spc 0.987 0.001 6.38 589 0.056 4.989 0.973 0.002 5.83 339 0.054 4.841 0.948 0.003
7/07/1998 am 3987071.spc 0.980 0.001 6.40 601 0.052 4.913 0.967 0.002 5.84 343 0.051 4.787 0.932 0.003
8/07/1998 am 3987081.spc 0.978 0.001 6.34 566 0.025 4.374 0.938 0.002 5.77 320 0.022 4.278 0.906 0.003
9/07/1998 pm 3987091. spc 0.957 0.001 6.37 582 0.018 4.307 0.922 0.002 5.81 335 0.018 4.211 0.873 0.003
11/07/1998 am 3987111. spc 0.977 0.001 6.36 578 0.035 4.608 0.970 0.002 5.80 330 0.032 4.454 0.930 0.003
16/07/1998 am 3987161. spc 0.977 0.001 6.35 571 0.018 4.888 0.909 0.002 5.78 324 0.014 4.711 0.815 0.003
22/07/1998 am 3987221.spc 0.982 0.001 6.35 574 0.031 4.596 0.953 0.002 5.80 329 0.030 4.455 0.916 0.003
31/07/1998 pm 3987311.spc 0.962 0.001 6.30 544 0.013 4.463 0.948 0.002 5.74 311 0.011 4.321 0.836 0.003
1/08/1998 am 3988011. spc 0.971 0.001 6.33 560 0.012 4.316 0.916 0.002 5.76 318 0.008 4.167 0.823 0.003
10/08/1998 pm 3988103.spc 0.985 0.002 6.11 451 0.042 5.065 0.964 0.003 5.55 258 0.039 4.882 0.922 0.004
11/08/1998 am 3988111.spc 0.976 0.002 6.13 460 0.025 4.715 0.945 0.002 5.57 263 0.022 4.537 0.892 0.004
24/08/1998 pm 3988241. spc 0.978 0.002 : 6.23 506 0.050 5.701 0.970 0.003 5.67 290 0.048 5.385 0 931 0.004
24/10/1998 pm 398A241.spc 0.990 0.002 6.02 411 0.069 6.135 0.978 0.003 5.46 235 0.066 5.896 0.941 0.006
average 0.972 0.002 6 511 0.043 5.468 0.943 0.003 6 304 0.046 5.398 0.908 0.004
% standard devi 3.035 3.8 5.721 3.9 8.608
Table A8. Total column ozone retrieved from slopes 
of Langley and ratio-Langley analysis of visible spectra
page A8.1
vl #
| Ratio -Langley Analysis results Langley Analysis results
Ozone TOMS Retrieval region 1 Ozone T  OMS Retrieval# regioni
DU DU TOMS # residual shift DU DU TOMS # residual shift
30-May-97 am
30- May-97 pm












294 296 0.99# 0.001727 35# 30-May-97 am 294 296 0.99#; 0.001993 24#
295 296 1.00g 0.001686 18 | 30-May-97 pm 291 296 0.98#; 0.001948 25#
320 293 1.09# 0.002143 ° | 7-Jun-97 pm 1  0.002372 19#
I  0.001997 
1 0.002067 



























I  0.005265 
1.05 1 0.003064 
0.98| 0.003331 
I  0.002515 
1.081 0.003474 









# 22-May-98 pm 316 259 # 0.004139 1|
# 24-May-98 pm 1 0.004269 -111
# 25-May-98 am 303 287 1.06# 0.003857 -7 i
|  27-Jun-98 am 373 335 1.11# 0.00443 -235;
# 29-Jun-98 am 277 343 # 0.003785 *3|
# 3-Jul-98 am 354 321 1.10# 0.004316 -435;
# 7-Jul-98 am 222 292 # 0.001866 2§
i  9-ÜUI-98 pm 315 343 0.92# 0.003547 -18#
# 11 -Jul-98 pm 361 345 1.05# 0.004042 -18;|:
I  31-Jul-98 pm 339 369 0.92# 0.004033 -491
# 1-Aug-98 am 347 357 0.97# 0.0042 -65;





9-Jun-97 pm 1 0.001807 15# 16-Jul-97 am 329 294 1.12# 0.002675 12}
21-Jun-97 pm 1 0.003138 -160# 16-Jul-97 pm 306 294 1.04| 0.002226 10î
23-Jun-97 pm I  0.002411 -1 | 17-Jul-97 am 293 307 0.96#; 0.002067 2 ;
24-Jun-97 am # 0.00186 o# 19-Jul-97 am 297 301 0.99#! 0.002239 -1 ;
IO-Jul-97 am 281 263 1.07# 0.001577 -16# 19-Jul-97 pm 285 301 0.951; 0.001993 3;
10-Jul-97 pm 292 263 1.11# 0.001919 -1611 21-Jul-97 am 329 312 1.05#! 0.002904 -5;
16-Jul-97 pm 309 294 1.051 000185 9# 28-ÜUÍ-97 pm 293 294 1.00#i 0.002119 14:
17-Jul-97 am 294 307 0.96# 0.001701 o# 30-Jul-97 pm 301 305 0.99#; 0.002554 4;
17-Jul-97 pm 312 307 1.02# 0.001968 -53# 20-Jan-98 am 276 ! 0.00638 55
18-Jul-97 am 316 315 1.00Ì 0.002248 *2151 22-Jan-98 am 306 272 1131: 0.004459 -105
18-Jul-97 pm 311 315 0.99# 0.002055 -361 23-Jan-98 am 334 278 1.20#! 0.00592 135
19-Jul-97 am 303 301 1.01# 0.001763 -18# 28-Jan-98 am 294 i 0.005859 -135
19-Jul-97 pm 290 301 0.96# 0.001664 -18# 18-Feb-98 am 269 275 0.981 0.004365 -7?
20-Jul-97 am # 0.001981 -179# 25-Feb-98 am 275 0.002707 13;
20-Jul-97 pm # 0.002618 -306# 26-Feb-98 am 271 0.002057 105
21-Jul-97 am 339 312 1.09# 0.002328 -34# 3-Mar-98 am 277 0.006329 -171 5
28-Jul-97 pm 296 294 1.01# 0.00186 o# 10-Mar-98 am 279 274 1.02# 0.005175 125
29-Jul-97 pm 1 0.001949 -181# 20-Mar-98 am 248 279 0.89;# 0.003103 23 i;
30-Jul-97 pm 309 305 1.01# 0.002065 -36# 23-Mar-98 am 254 266 0.96# 0.004867 215
3-Apr-98 am 276 276 1.00| 0.007134 27
8-Apr-98 am 268 0.007148 38
21-May-98 pm 278 0.005799 -1
22-May-98 am 259 0.00558 -5
24-May-98 pm 0.005397 -16
28-May-98 pm 257 273 °-94| 0.007367 31
30-May-98 am 273 #; 0.006074 18
14-Jun-98 pm 269 0.006278 -2
18-Jun-98 am 270 296 0.91 ! 0.006554 9
27-Jun-98 am 357 335 1.061 0.005485 -101 :
29-Jun-98 am 266 343 0.77|; 0.005924 11 ;
3-Jul-98 am 337 321 1.051 0.004963 -165
7-Jul-98 am 206 292 0.701 0.001802 '5 i
8-Jul-98 am 328 318 1.03Ì 0.005412 2!
9-Jul-98 pm 310 343 0.90 | 0.005196 3;
11-Jul-98 am 335 345 O.97! 0.005406 -37 i
16-Jul-98 am 327 322 1.011 0.005401 12j
22-Jul-98 am 332 318 1.04Í¡ 0.005526 -16:
31-Jul-98 pm 334 369 0.90 | 0.004852 -37;
1-Aug-98 am 343 357 0.96 | 0.00518 2Î
10-Aug-98 pm 271 306 0.891 0.004746 13 j
11-Aug-98 am 315 313 1.011 0.005331 -5;
24-Aug-98 pm 285 371 0.77p 0.00522 -io !
24-Oct-98 pm 279 352 0.791 0.002917 6\
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Retrieval from individual ultraviolet spectra
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294 0.993 0.993 0.993 
293 0.983 0.997 0.990
1.139 233 0.885 1.057 233 0.885 1.057
240 236 258 0.905 0.952 0.996 0.955 226 0.858 1.095 226 0.858 1.095
249 247 269 0.943 0.938 236 0.896 1.073 236 0.896 1.073
238 0.896 0.984 238 0.896 0.984
242 241 262 0.907 1.079 1.140 0.947 236 0.889 1.050 236 0.889 1.050
258 264 284 0.959 0.859 257 0.945 0.948 257 0.945 0.948
262 0.964 0.967 262 0.964 0.967
259 0.954 0.919 259 0.954 0.919
239 0.853 1.068 239 0.853 1.068
253 250 274 0.873 0.926 250 0.868 1.015 250 0.868 1.015
232 0.894 1.019 232 0.894 1.019
228 0.877 0.995 228 0.877 0.995
228 0.876 1.061 228 0.876 1.061
239 238 261 0.911 0.888 224 0.855 1.034 224 0.855 1.034
228 0.870 1.004 228 0.870 1.004
229 0.876 1.007 229 0.876 1.007
236 0.894 0.988 236 0.894 0.988
255 0.975
255 0.975
272 268 295 0.912 0.995 1.144 0.870 253 0.856 1.015 253 0.856 1.015
278 280 306 0.944 0.959 1.132 0.847 254 0.858 1.019 254 0.858 1.019
254 0.858 1.018 254 0.858 1.018
254 0.858 1.013 254 0.858 1.013
254 0.857 1.016 254 0.857 1.016
255 0.860 0.982 255 0.860 0.982
255 0.861 1.001 255 0.861 1.001
254 0.859 1.023 254 0.859 1.023
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Table A9. Summary and comparison of retrieval from infrared, ultraviolet and visible spectra
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24/Aug/98 9:26 69882402.03c 371 348 0.94 285 294 290 0.768 0.792 0.000 303 302 339 0.816
24/Aug/98 9:47 69882403. o3c 371 ? 344 0.93
24/Aug/98 10.09 69882404.O3C 371 Ì 349 0.94
29/Aug/98 8:05 69882902.O3C 297 i 303 1.02 271 268 303 0.908
29/Aug/98 8:25 69882903.O3C 297 5 299 1.01
29/Aug/98 8:49 69882904.03c 297 309 1.04
29/Aug/98 9:09 69882905.03c 297 : 304 1.02
29/Aug/98 9:29 69882906.03c 297 : 296 1.00
29/Aug/98 9:49 69882907.03c 297 301 1.02
29/Aug/98 10:10 69882908.03c 297 ? 309 1.04
29/Aug/98 10:30 69882909.O3C 297 5 305 1.03
29/Aug/98 10:50 69882910.03c 297 Ì 302 1.02
29/Aug/98 11:11 69882911.03C 297 300 1.01
31/Aug/98 14:21 69883101.03c 302 5 296 0.98
01/Sep/98 10:21 69890101.03c 311 l 278 0.89 300 301 338 0.967
01/Sep/98 12:28 69890102. o3c 311 i 272 0.88
01/Sep/98 14:31 69890103.O3C 311 265 0.85
02/Sep/98 9:36 69890201.03c 308 i: 305 0.99
02/Sep/98 11:40 69890202. o3c 308 5 305 0.99
02/Sep/98 13:45 69890203.03c 308 307 1.00
07/Sep/98 15:32 69890709. o3c 318 320 1.01
08/Sep/98 13:20 69890802.03c 310 i 294 0.95
19/Sep/98 10:03 69891902.O3C 324 326 1.01
19/Sep/98 12:06 69891903. o3c 324 i 325 1.00
19/Sep/98 14:09 69891904.O3C 324 ? 318 0.98
27/Sep/98 13:10 69892702. o3c 353 !i 345 0.98 294 0.833 0.000 322 320 362 0.909
07/Oct/98 7:59 698A0701.O3C 396 Î 347 0.88 333 328 374 0.835
08/Oct/98 0:00 369 346 348 392 0.940
14/Oct/98 10:15 698A1401.O3C 338 :: 317 0.94 308 310 350 0.915
14/Oct/98 12:21 698A1402.03c 338 Ï 321 0.95
14/Oct/98 14:24 698A1403.03c 338 Î 327 0.97
16/Oct/98 11:41 698A1601.03c 338 : 319 0.94
16/Oct/98 14:18 698A1602.03c 338 ■: 314 0.93
20/Oct/98 8:17 69BA2001.O3C 340 i; 311 0.91 255 259 292 0.75621/Oct/98 8:20 698A2101.O3C 327 310 0.95 293 295 334 0.900
24/Oct/98 10:49 698A2401.O3C 352 320 0.91 279 303 0.793 0.861 0.000 364 359 410 1.02625/Oct/98 11:52 698A2501.O3C 340 i 301 0.89
25/Oct/98 14:00 698A2502.O3C 340 5 284 0.84
28/Oct/98 8:35 698A2801.o3c 332 Î 312 0.94
28/Oct/98 12:29 698A2802.O3C 332 :: 314 0.95
31/Oct/98 0:00 332
15/NOV/98 7:06 698B1501.O3C 298 !: 286 0.96
305 301 347 0.914
Ratio retrieval 
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309 0.832 1.126 309 0.832 1.126
307 0.826 1.123 307 0.826 1.123
305 0.822 1.144 305 0.822 1.144
252 0.850 1.185 252 0.850 1.185
249 0.839 1.241 249 0.839 1.241
248 0.836 1.225 248 0.836 1.225
250 0.841 1.185 250 0.841 1.185
251 0.846 1.200 251 0.846 1.200
250 0.843 1.236 250 0.843 1.236
250 0.841 1.220 250 0.841 1.220
249 0.840 1.209 249 0.840 1.209
251 0.846 1.193 251 0.846 1.193
282 0.933 1.051 282 0.933 1.051
274 0.882 1.013 274 0.882 1.013
274 0.880 0.996 274 0.880 0.996
289 0.930 0.917 289 0.930 0.917
273 0.886 1.119 273 0.886 1.119
278 0.904 1.095 278 0.904 1.095
278 0.904 1.104 278 0.904 1.104
309 0.874 1.117 309 0.874 1.117
296 0.748 1.170 296 0.748 1.170
290 0.854 1.071 290 0.854 1.071
300 0.883 1.004 300 0.883 1.004
298 0.875 0.955 298 0.875 0.955
231 0.775 1.238 231 0.775 1.238 ;
Page A9.7
Table A9. Summary and comparison of retrieval from infrared, ultraviolet and visible spectra Page A9.8
Visible spectra Ultraviolet spectra Ratio retrieval Retrieval from Individual ultraviolet spectra
date time
Infrared




















































































































































































































































































30/NOV/98 8.59 698B3001 .o3c 334 : î 297 0.89
11/Dec/98 9.24 698C1101.03c 281 5 259 0.92 251 0.895 1.032 301 1.071 0.862
11/Dec/98 10:43 698C1102.O3C 281 i 270 0.96
11/Dec/98 12:04 698C1103.O3C 281 S 269 0.96 206 0.731 1.311 246 0.876 1.095
12/Dec/98 7:46 698C1202.03c 283i i 259 0.91 252 0.890 1.027
12/Dec/98 9:05 698C1203.03c 283 ? 270 0.96 259 0.917 1.042 311 1.097 0.870
12/Dec/98 10:24 698C1204.03c 283 i 269 0.95
12/Dec/98 14:21 698C1207.O3C 283: ;i 263 0.93
03/Jan/99 10:36 69910303.O3C 273 i 243 0.89 271 0.992 0.897
04/Jan/99 11:51 69910403.O3C 267: 251 0.94
04/Jan/99 13:10 69910404.03c 267 5 253 0.95 191 0.715 1.326 228 0.856 1.108
04/Jan/99 14:32 69910405. o3c 267 ? 252 0.95 161 0.604 1.565
05/Jan/99 11:49 69910503. o3c 258 5 234 0.91 163 0.631 1.437
05/Jan/99 13:08 69910504.O3C 258 Î 249 0.97 149 0.578 1.670
05/Jan/99 14:27 69910505.O3C 258 Î 249 0.96 153 0.594 1.621
05/Jan/99 15:48 69910506.O3C 258 5 260 1.01
06/Jan/99 9:52 69910601.03c 256 :: 248 0.97 189 0.739 1.313 227 0.885 1.096
06/Jan/99 15:10 69910605.O3C 256 l 243 0.95 186 0.727 1.306 223 0.870 1.091
07/Jan/99 8:38 69910701. o3c 252 ;: 246 0.98 220 0.873
07/Jan/99 9:57 69910702.03c 252 :: 249 0.99 220 0.873
07/Jan/99 11:16 69910703.03c 252 : ? 246 0.98 220 0.873
07/Jan/99 15:13 69910706.03c 252: :: 228 0.90 220 0.873
11/Jan/99 9:34 69911101.03c 257 Î 271 1.06
15/Jan/99 9:44 69911502.03c 261 : Ï 253 0.97 198 0.757 1.277 237 0.907 1.067
15/Jan/99 11:05 69911503.03c 261 : ;: 269 1.03
15/Jan/99 12:25 69911504.o3c 261 : î 265 1.02 156 0.597 1.700
18/Jan/99 15:42 69911801.03c 267 : 267 1.00
19/Jan/99 11:29 69911902.03c 271 i 242 0.89
19/Jan/99 12:48 69911903.03c 271 l 274 1.01
19/Jan/99 14:07 69911904.03c 271 \ 271 1.00
26/Jan/99 9:28 69912601.03c 275 Ï 229 0.83 112 0.406
26/Jan/99 10:49 69912602.03c 275 5 264 0.96 112 0.406
26/Jan/99 12:09 69912603.03c 275 i 269 0.98 112 0.406
06/Feb/99 7:43 69920601. o3c 262 ? 258 0.98 112 0.426
06/Feb/99 9:02 69920602.O3C 262 \ 257 0.98 112 0.426
06/Feb/99 10:22 69920603. o3c 262 i 259 0.99 112 0.426
06/Feb/99 11:42 69920604.03c 262 ? 253 0.97 112 0.426
06/Feb/99 13:04 69920605. o3c 262 ■: 252 0.96 112 0.426
06/Feb/99 14:23 69920606.03c 262 :i 253 i 0.97 112 0.426
06/Feb/99 15:42 69920607.O3C 262 258 0.98 112 0.426
average :: 293.46 : 0.924 1.021 1.025 1.032 0.883 1.011 1.082 0.919 1.057 1.069
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